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CHAPTER 1. GENERAL INTRODUCTION 
Introduction 
Maize (Zea mays L.) is one of the most important crops in the world and the best-
studied biological model for cereals. The size of the maize nuclear genome, a 
segmental allotetraploid[1,2], is approximately 2,500 million bases (Mb)[3], Although 
it has been examined extensively at the cytogenetic level, the initial glimpse of the 
maize genome at molecular level, which was obtained by sequencing a 280-kb 
maize bacterial artificial clone (BAC) containing Adh1-F gene and u22 genes, 
suggested that maize genes are organized into islands separated by nested 
retrotransposon lseas'[4,5]. Subsequent maize BAC sequencing data suggest that 
retrotransposons and other repeats account for 50%~80% of the maize 
genome[6,7]. In addition, the observations that only 5% of random shotgun reads[8] 
and -7.5% of BAC end reads[9] correspond to putative maize non-transposon 
coding regions provide a more global view of maize genome organization. 
Because of the highly repetitive nature of the maize genome makes, the initial 
efforts focused mainly on the non-repetitive gene-rich regions [6,10,11]. Sequencing 
random cDNA clones to generate Expressed Sequence Tags (ESTs) can also 
quickly recover coding sequences. The successful normalization or subtraction of 
cDNA libraries[12] can significantly improve the rate of gene discovery. However, in 
nearly all 'finished' whole genome sequencing projects, it is difficult to recover more 
than 60% of genes using only EST sequencing^]. High-Cot (HC) sequencing[13,14] 
was used to enrich for low-copy sequences by normalization (i.e. removing highly or 
moderately repetitive DNA). The Methylation Filtration (MF) method was developed 
to selectively sequence unmethylated gene-rich regions by filtering out methylated 
regions, which are often composed of retrotranspons[15-17], MF and HC strategies 
have proven effective in selectively recovering maize genes not captured by EST 
projects[13,18]. Significantly, these two strategies appear to be complementary for 
sampling the maize gene space[13,19,20]. RescueMu is another alternative method 
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for maize gene discovery[21], which is based on the observation that maize Mutator 
transposons preferentially insert into low-copy genie regions[22]. The analysis of 
RescueMu flanking sequences, however, showed a high level of redundancy[23] 
that could be resulted from the presence of hotspots for Rescu eMu insertion [24]. 
A high-quality integrated maize physical-genetic map is essential for various 
studies[10,11 ]. The latest integrated map still contains ~300 unanchored BAC 
fingerprint contigs (FPCs; http://www.genome.arizona.edu/fpc/maize). Efficiently 
placing genie sequences such as assembled ESTs and gene-rich GSSs [25] onto 
the maize genetic map using maize intermated B73 x M017 recombinant inbred 
lines will not only enhance the quality of the current integrated map but also help 
anchor "orphan" FPCs for the upcoming maize genome sequencing project. 
Dissertation Organization 
This dissertation contains four journal papers (Chapter 2~5) and a general 
conclusion (Chapter 6). All these papers were written under Dr. Schnable's 
extensive guidance. 
Chapter 2 is a manuscript in preparation for submission to Genome Research, 
where we describe the development and testing of a new ORF selecting vector for 
enriching maize coding sequences. In this manuscript, Yan Fu developed the vector, 
established ORF-Rescue procedures, sequenced all clones, analyzed the data, and 
wrote the manuscript. Dr. Feng Liu was involved in the design of the three-frame 
Hiss-tag (3xHis6) and in the early development of the pHIS6 vector. 
Chapter 3 is a paper published in Plant Physiology, where we reported the types 
and frequencies of sequencing errors in methyl-filtered and high Cot maize genome 
survey sequences (GSSs). Yan Fu performed most of the computational analyses 
and was the major contributor to the writing of this paper. Dr. An-Ping Hsia provided 
trace files for some lab genes. Ling Guo assisted with data analysis. 
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Chapter 4 is a paper published in the Proceedings of the National Academy of 
Sciences USA, where we reported the release of an improved assembly of maize 
assembled genomic islands (MAGIs), a quality assessment of this assembly, the 
annotation of individual MAGIs using computational approaches, and the large-scale 
experimental validation of predicted genes without prior evidence of transcription. 
Yan Fu prepared the GSS data collection, validated MAGI structures, displayed 
MAGI annotations, and performed the large-scale experimental verification of the 
transcription of predicted genes. Scott Emrich, the co-first author, produced the GSS 
assembly, determined evidence of transcription using bioinformatic approaches, and 
performed the gene content analyses. Both Yan Fu and Scott Emrich wrote the 
paper. Ling Guo, Dr. Tsui-Jung Wen, Dr. Daniel Ashlock, and Dr. Srinivas Aluru 
assisted with data generation and analysis. 
Chapter 5 is a manuscript in preparation for submission to Genetics, where we 
report discoveries made by analyzing an enhanced maize sequence-based 
transcript recombinant map with -1400 new PCR-based markers and the genomes 
of maize intermated recombinant inbred lines. Dr. Tsui-Jung Wen, Ling Guo, Yongjie 
Yang and Hsin Debbie Chen assisted with the collection of mapping scores. Drs. 
Yefim Ronin and David Mester in Dr. Abraham Korol's group at University of Haifa 
constructed the map. Yan Fu mined the map data and wrote the manuscript. 
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CHAPTER 2. RESCUING OPEN READING FRAMES 
Yan Fu, Feng Liu, Patrick S. Schnable 
A manuscript to be submitted to Plant Physiology 
Abstract 
Cloned open reading frames (ORFs) are a resource for gene discovery, peptide 
expression and display, and novel/hybrid peptide or enzyme discovery. Vectors 
have been developed to select ORFs from genomic DNA in vivo. One of the major 
disadvantages of these existing ORF-selecting vectors is that only ORFs that are in-
frame with both the 5' initiation codon and the 3' reporter protein/tag can be 
selected, reducing the efficiency of ORF selection nine fold. To overcome these 
limitations, a bacterial expression vector (pORF-Rescue) has been developed that 
includes two novel features: 1) three initial ATG codons (3xATGs) 5' of the multiple 
cloning site (MCS); and 2) a three-frame His6-tag (3xHise) 3' of the MCS. These 
features help initialize translation of all three reading frames of a DNA insert and tag 
the peptide(s) translated from any ORF(s) of that DNA insert. The ability of pORF-
Rescue to efficiently enrich for ORFs from a complex genome was demonstrated 
using maize genomic and BAC DNA. Finally, the integration of the 3xATGs and 
3xHis6 features of pORF-Rescue into mRNA display systems may improve the 
efficiency of in vitro peptide display. 
Introduction 
Selecting open reading frames (ORFs) is important for functional genomics, protein 
engineering, and in vitro peptide/protein evolution (Wilson et al., 2001; Rombel et 
al., 2002; Zacchi et al., 2003; Gerth et al., 2004). A variety of vectors have been 
developed to select potentially functional ORFs from complex mixtures of DNA. 
Selection of ORFs from genomic DNA has been used for gene identification (Gray et 
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al., 1982; Koenen et al., 1982; Weinstock et al., 1983; Gray et al., 1987; Weinstock, 
1987; Daugelat and Jacobs, 1999; Rombel et al., 2002) and polypeptide expression 
(Zacchi et al., 2003); selection of ORF-containing cDNA inserts has been used for 
the enrichment of correct coding sequences and the construction of expression 
libraries (Davis and Benzer, 1997; Holz et al., 2001 ; Ansuini et al., 2002; Faix et al., 
2004); ORF selection from combinatorial DNA has been used to discover novel 
and/or hybrid enzymes (Lutz et al., 2001 ; Gerth et al., 2004). All ORF selecting 
vectors contain a reporter gene or epitope tag 3' of the cloning site such that fusion 
peptide(s) can be selected. This can be achieved via antibiotic resistance, 
fluorescence, histidine prototrophy or other methods. 
All existing ORF-selecting vectors share two limitations: 1) the presence of only a 
single initiating ATG codon located 5' of the multiple cloning site (MCS) requires that 
insertions be cloned in-frame if they are to be successfully translated; and 2) ORFs 
and the 3' reporter gene or epitope tag must also be in the same reading frame. 
These two limitations theoretically reduce the efficiency of selecting an ORF-
containing insert nine fold. In addition, all existing ORF-selecting vectors will identify 
only those ORFs whose lengths have a specific remainder when divided by three. 
Only ORFs of length 3n can, for example, be selected by the pYEXTSH3 vector 
(Holz et al., 2001 ) and only ORFs of length of 3n+1 bp can be selected by pPA02 
(Zacchi et al., 2003) or pORF-FINDER (Rombel et al., 2002). 
A commonly used method of purifying recombinant proteins makes use of His6-tag, 
a short affinity-tag that can be placed at either the N- or C-terminus of target 
recombinant protein (Terpe, 2003). We have designed a sequence that codes for a 
Hise-tag in each of the three reading frames without introducing stop codons in the 
other reading frames (Fig. 1). This sequence has been used to construct a new 
ORF-selecting vector (pORF-Rescue) that includes three initiation codons 5' of the 
multiple cloning site (MCS) and the three-frame His6-tag located 3' of the MCS. In 
this manuscript we report that pORF-Rescue can be used to overcome the two 
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limitations addressed above and efficiently rescue ORFs from a complex plant 
genome. 
Results 
ORF-Rescue vector 
The pORF-Rescue vector is designed to distinguish DNA fragments that contain at 
least one uninterrupted ORF from those that do not. Doing so depends upon 
translating the ORF and tagging with resulting Hise-tagged peptide that can be 
detected via in situ colony immuno-screening (Methods). Relative to other ORF 
selection vectors, pORF-Rescue contains two novel features that increase the 
efficiency with which ORFs can be rescued (Fig. 1): three initiation codons 
(abbreviated as 3xATGs) 5' of the MCS and a 3-frame His6-tag (abbreviated as 
3xHis6) 3' of the MCS. The 3xATGs were arrayed into three reading frames such 
that the translation of all three reading frames of the DNA insert can be initialized in 
E. coli. Compared with single-ATG ORF selecting vectors, this feature has the 
potential to increase the efficiency of ORF selection three fold by rescuing otherwise 
out-of-frame ORF-containing inserts. Similarly, the insertion of the 3xHis6 3' of the 
MCS ensures that the peptide(s) translated from ORF(s) in any of the three reading 
frames will be Hise-tagged, thus increasing the efficiency of ORF selection another 
three fold. In combination these two features have the potential to increase the 
efficiency of rescuing ORFs nine fold. 
Direct rescue of ORFs from genomic DNA 
Overall efficacy: To test the ability of pORF-Rescue to identify ORFs from a complex 
genome, 100-800 bp /Vtool-digested fragments of maize genomic DNA were cloned 
into pORF-Rescue. The 3' ends of the inserts from 1,382 His-positive clones 
selected via in situ colony immuno-screening (Methods) from -30,000 colonies and 
144 random clones (controls that had not been subjected to immuno-screening) 
were sequenced. A total of 922 and 113 full-length, high-quality sequences of 
cloned fragments were obtained from His-positive and random clones, respectively. 
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Eighty-seven percent (805/922) of the fully sequenced inserts from His-positive 
clones contained at least one ORF that was uninterrupted by a stop cod on between 
the ATG and the 3xHis6. In contrast, only 6% (7/113) of control sequences 
contained an ORF (Fig. 2). Hence, the recovery of ORFs was enriched almost 15 
fold by the ORF-rescue vector as compared to control clones. ORFs cloned into 
ORF-Rescue ranged in size from 60 to 728 bp (Fig. 3). 
Efficacy of the 3xATGs and the 3xHis6 features: After removing 27 redundant 
sequences, 778 non-redundant ORF-containing insert sequences (GenBank 
Accession Nos: DU 130217-DU130994) from His-positive colonies were further 
analyzed. The 671 sequences that contained an uninterrupted ORF in only one 
reading frame were used to unambiguously determine which ATG of the 3xATGs 
and which His6-tag of the 3xHis6 had been used during in vivo translation and that 
led to the selection of the corresponding colonies (Table 1). These analyses 
demonstrated that all three ATGs are competent to initiate translation but that a 
strong bias exists toward initiation at the first ATG (71%; Table 1A). These analyses 
also demonstrated that each of the three Hiss tags is functional (Table 1B). Among 
922 His-positive clones, 117 (13%) lacked an uninterrupted ORF. The inserts of 
approximately half (50) of these "false-positive" clones include an ATG-containing 
ORF of >100 bp that is immediately upstream of the 3xHisetag. In addition, these 
in-frame ATGs are 6-20 bp downstream of a RBS-like sequence in the cloned maize 
DNA. Hence, we hypothesize that these inserts support the translation of mini-
ORFs, resulting in the production of His-tagged peptides that were detected by in 
situ immuno-screening. 
The x2 test shows the ratio of the three length types (i.e., 3n, 3n+1, and 3n+2) do 
not differ significantly from 1:1:1 (p=1 ), demonstrating that pORF-Rescue can 
rescue ORFs with any length type. 
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The data described above demonstrate that the SxATGs and the SxHise features of 
pORF-Rescue function both as expected. Consequently, the multi-frame translation 
capacity of pORF-Rescue allows it to rescue ORFs of all length types (3n, 3n+1, and 
3n+2) which is not possible using other ORF-selecting vectors . 
The enrichment of maize coding sequences by ORF-Rescue 
After removing seven rescued ORFs shorter than 100 bp, BLASTX comparisons of 
771 ORFs from His-positive colonies and 113 control sequences were performed 
versus the GenBank NR protein database. Approximately 78% (600) of His-positive 
sequences and 42% (47) of control sequences have at least one significant match 
(E-value<e~5) but many matches are retrotransposons (Table 2). This is consistent 
with the fact that more than 60% of the maize genome consists of long terminal 
repeat-retrotransposon families (Whitelaw et al., 2003; Barbazuk et al., 2005) and 
the gag and po/gene coding sequences of these elements contain long ORFs 
(Feschotte et al., 2002). Even so, ORF-rescue enriched non-transposon protein-
coding genes by 3.6 fold (18%/5%, Table 2) and these ORFs are cloned in an 
expression vector that will facilitate further characterization. 
Rescue of ORFs from BAC DNA 
The maize B73 BAC clone ZMMBb0188F23 spanning the a1-sh2 interval (Civardi et 
al., 1994) was subjected to ORF-Rescue (Methods). Out of 48 His-positive clones 
selected for sequencing, 30 full-length high-quality insert sequences were obtained 
and 93% (28) of these contained uninterrupted ORFs (Table 3). Almost 70% (19/28) 
of the rescued ORFs could be mapped onto the consensus sequence of 
ZMMBb0188F23 and individual shotgun reads from this BAC demonstrating that 
pORF-Rescue can efficiently rescue ORFs from BAC DNA (Table 3). 
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Discussion 
Gene-enrichment sequencing 
To fully exploit the power of functional genomic technologies (e.g., microarrays, 
proteomics and reverse genetics), it is desirable to have available a near-complete 
collection of genes. The "gold standard" for obtaining such a collection is genome 
sequencing. Doing so is, however, a major undertaking that cannot be achieved for 
all experimental species, especially for large, complex crop genomes, in the near 
future. Instead, a variety of gene-enrichment sequencing (or reduced representation 
sequencing) strategies have been employed or are being employed for gene 
discovery. These include the sequencing of random cDNAs (ESTs), high-Cot (HC) 
selection and methylation filtration (MF) (Barbazuk et al., 2005). Each of these 
strategies has strengths and limitations. For example, EST projects have low rates 
of "false discovery" but often fail to discover genes that are expressed at low levels. 
HC selection achieves a 4-fold enrichment for non-repeat coding sequences 
(Whitelaw et al., 2003), but the production of HC libraries is complex due to the 
necessity of conducting a C0t procedure for each library. In addition, this cloning 
procedure can introduce artifacts (Fu et al., 2004). Although MF achieves a 5-fold 
enrichment for non-repeat coding sequences (Whitelaw et al., 2003), genes that are 
not hypomethylated or that have low GC content may be missed. Because each 
filter is likely to introduce unique biases, complementary filtration methods should be 
employed for gene discovery (Bennetzen et al., 2001; Chandler and Brendel, 2002). 
Utilization of pORF-Rescue for gene-enrichment 
Two features of pORF-Rescue increase the efficiency with which it selects ORFs 
relative to other vectors. The first of these features is the presence of three out of 
register initiation codons 5' of the MCS, allowing for the translation of all three 
reading frames. Two other vectors, XTriplEX (Clontech Cat. No. 6160-1; GenBank 
Accession No. U39779) and p3xHis (Graslund et al., 2002) have been designed to 
translate all three reading frames. The key features responsible for the reported 
translation of all three reading frames in XTriplEX include two ribosome-binding site 
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(RBS)/ATG pairs and a transcriptional slippage site (dTi3) upstream of the MCS. 
Unfortunately, this feature did not work in our hands (data not shown) and we, and 
others (Graslund et al. 2002), have been unable to find published reports of the 
successful translation of all three reading frames using XTriplEX. The pSxHis vector 
includes three RBS paired with three ATGs 5' of the MCS. Although all three 
reading frames can be translated, this vector exhibits an even stronger bias towards 
the first ATG than does pORF-Rescue (Graslund et al. 2002). Hence, pORF-
Rescue appears to be the best available vector for the initiation of translation of all 
three reading frames. The second feature of pORF-Rescue that increases the 
efficiency of ORF selection is the presence 3' of the MCS of a 3xHis6 sequence that 
can be used to identify colonies that accumulate peptides from cloned ORFs. This 
sequence is designed such that it will "tag" ORFs present in any of the three reading 
frames, a feature that is not available in any other ORF selecting vector. 
In combination, these features make pORF-Rescue well suited for gene discovery. 
In our experiments with maize, ORF-Rescue provided a 3.6-fold enrichment for non-
transposon coding sequences as compared to control sequences. At least two 
factors must be balanced when deciding which sized DNA fragments to clone into 
pORF-Rescue. Smaller inserts yield a higher percentage of His-positive colonies, 
but more of these colonies carry "fortuitous" (i.e., non-protein coding) ORFs. In 
maize, His-positive colonies prepared from larger inserts yield higher proportions of 
biologically relevant ORFs, but also include a higher proportion of retrotransposon-
derived ORFs. For example, among His-positive colonies less than 50% of inserts 
of <=300 bp match retrotransposon coding sequences, but more than 60% of inserts 
of >300 bp match retrotransposon coding sequences (data not shown). 
According to the protocol described here, pORF-Rescue generates ORFs with a 
modal size of 300-400 bp (Figure 3). These sequences are sufficient to define the 
existence of genes (Table 2). In addition, such clones are likely to make excellent 
probes for microarrays. Once the existence of a novel gene (Fu et al., 2005) has 
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been defined via a pORF-Rescue clone, these clones and/or sequences could be 
used to isolate complete genes via PGR- and/or hybridization-based techniques. 
We have described a novel vector, pORF-Rescue, which by selecting for ORFs 
provides a means to efficiently identify the coding fraction of a complex genome. 
There are potential synergies to be exploited among gene enrichment strategies. 
For example, almost all His-positive colonies resulting from cloning 100-600 bp Pst\-
fragments into pORF-Rescue are non-transposon coding sequences (data not 
shown). Hence, pre-selection with MF resulted in a set of cloned ORFs that could 
be readily expressed and the encoded peptides purified for further experimentation. 
Additional applications of pORF-Rescue 
A key step in chromosome walking projects is identifying candidate genes on 
relevant BACs. It is not possible to identify genes directly from BAC DNA using EST 
or MF gene enrichment approaches and not efficient to do so via HC selection due 
to the complexity of HC library preparation. In contrast, pORF-Rescue can 
efficiently isolate genie ORFs directly from BAC DNA. BAC-based ORF discovery 
has particular value in organisms for which a physical map is available but whose 
genomes have not been sequenced. 
Another potential application of pORF-Rescue concerns mRNA display, an in vitro 
peptide selection technique, which can be used for peptide/ligand discovery and the 
study of protein-protein interactions (Wilson et al., 2001 ; Takahashi et al., 2003; 
Shen et al., 2005). We predict that the efficiency of mRNA display could be 
improved by integrating the 3xATGs and the 3xHis6features from pORF-Rescue 5' 
and 3' of the DNA inserts subjected to mRNA display (Takahashi et al. 2003). In 
addition, expression libraries that contain peptides not recovered by cDNA-based 
approaches could be generated by using pORF-Rescue to in vitro transcribe and 
translate random genomic fragments. mRNA-displayed ORF-fusion peptides could 
then be selected using efficient Ni-NTA affinity chromatography and the ORF-
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containing sequences recovered. Such expression libraries could be complementary 
to current cDNA-based ORFeome projects (Brasch et al., 2004; Lamesch et al., 
2004; Ruai et al., 2004; Ruai et al., 2004; Wiemann et al., 2004). 
Materials and Methods 
Construction of pORF-Rescue 
Plasmid pZL1 was excised in vivo by infecting E. coli Y1090 cells with XZIPLOX 
(GIBCO-BRL Cat. No. 15397-029) and used as the backbone of pORF-Rescue. 
Modifications to this vector involved five steps: 1) The 3xHis6 tag (5'-CAC CAC CAT 
CAT CAT CAC GCA TCA CCA CCA CCA CCA TAG GCC ATC ATC ATC ACC ATC 
ACA CTA GCT GA-3') was inserted 3' of the original MCS; 2) an Nhe\-Bgl\\ fragment 
containing the 5' UTR of the E. coli ompA gene from the pTriplEX vector was 
inserted into 5' of the original promoter; 3) the original promoter region was then 
replaced with the T7 promoter from pET17b (Novagen Cat. No. 69663-3); 4) The 
original MCS was replaced by an 18-bp short MCS carrying BamHI, Pst\ and Msc\ 
sites to remove from the MCS all stop codons in all three frames; 5) A triple ATGs 
site (5-ATG GCA TGG CAT GGC-3') for translation initiation of all three frames of 
the insert was inserted into the 5' of the MCS and 3' of T7 promoter. 
The 3xHise included in an earlier version of pORF-Rescue (pHIS4) encodes a 62 
amino acid peptide. Colonies that carried an empty pHIS4 were often His-positive 
after in situ or western analysis (data not shown). To solve this problem, the 3xHis 
was re-designed such that all three peptides encoded by empty pORF-Rescue 
vector are shorter than 30 amino acids (21, 26 and 29 amino acids, respectively). 
Because these short peptides do not yield a His-positive phenotype (data not 
shown), the problem of false-positive empty vector has been solved. Indeed, no 
empty vector colonies were recovered among over 900 His-positive colonies 
selected using the re-designed 3xHis (Results). 
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ORF rescue from genomic DNA 
Plasmid DNA of pORF-Rescue isolated from DM1 strain (Invitrogen, Cat. No. 
18268-011) was digested with BamHI and dephosphorylated with Calf Intestinal 
Alkaline Phosphatase (Promega Cat. No. M182A) and gel purified. Maize genomic 
DNA was isolated from immature, unpollinated ears of the B73 inbred line using a 
IxCTAB method (Saghai-Maroof et al., 1984). This DNA was digested with Mbo\ 
(New England Biolabs) and then fractions with sizes of 100-800 bp were gel purified 
using a QIAGEN gel extraction kit (Cat. No. 28704). The lower bound of this 
fractionation step was based on the fact that most maize exons are >100 bp (Yao et 
al., 2005). Ligations were conducted with an estimated mole ratio of Mbol-digested 
genomic DNA to BamHI-digested pORF-Rescue vector of 5:1. Ligation products 
were transformed into BL21(DE3) competent cells (Stratagene, Cat. No. 200131) 
using a BioRad Gene Pulse II. In situ colony immunoblot and other western 
analyses were performed according to the Qiaexpress Detection and Assay 
Handbook (QIAGEN). 
ORF rescue from BAC DNA 
Maize B73 BAC library filters from Clemson University Genomics Center were 
screened using cDNA fragments of the a1 and sh2 genes as probes. Two positive 
BAC clones (ZMMBb0154F18 and ZMMBb0188F23) were further confirmed via 
PCR to contain the a1-sh2 interval. The consensus sequence of ZMMBb0188F23 
(Accession No. AC155408) and individual shotgun reads from this BAC (available at 
NCBI trace archive, search keywords: SEQ_LIB_ID='ZOBY') were downloaded from 
GenBank. The ZMMBb0188F23 BAC clone DNA was isolated using QIAGEN Large-
Construct Kit (Cat. No. 12462) to reduce possible contamination from E. coli 
genomic DNA and then subjected to PCR amplification using BamHI-random primer 
(ô'-CAA GGATCC NNN NNN NNN N-3') and high fidelity Taq DNA Polymerase 
(Invitrogen Cat. No. 11304-011) using the protocol of RASL (Random Amplification 
Shotgun Library (Rohwer et al., 2001). BamHI-digested PCR products with sizes of 
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200-500 bp were gel purified and then cloned into BamHI-digested and 
dephosphorylated pORF-Rescue. 
Sequence analyses 
Sequencher4.0 (Gene Codes Cooperation, Ml) was used for sequence editing, 
redundant sequence removal, and ORF analyses. Only full-length inserts with high-
quality sequences were further analyzed. All sequences were manually edited for 
accuracy because accurate base-calling is required to determine whether an insert 
contains an ORF. An insert was deemed to contain an ORF when at least one of 
three reading frames contained no stop codon. Batch BLASTX searches against 
GenBank NR protein database were conducted on September 13, 2005 using e"5 as 
the E-value cutoff. 
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Figure Legends 
Figure 1. The ORF-Rescue cassette. pORF-Rescue includes a ribosome-binding 
site (RBS); translation initiation (ATG) and stop (*) codons for each of the three 
reading frames; a multiple cloning site (including Msc\, BamH\ and Pst\ sites) and 
the 3-frame His6-tag (amino acid sequences that comprise the His-tag are 
underlined). 
Figure 2. Frequencies of inserts containing no uninterrupted ORF and at least one 
uninterrupted ORF, respectively, among random clones (no ORF-Rescue) and His-
positive clones (after ORF-Rescue). 
Figure 3. Size of 778 non-redundant inserts from 805 His-positive clones which 
each contain at least one uninterrupted ORF. 
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Table 1. Efficacy of 3xATGs and 3xHis6 in pORF-Rescue. 671 inserts that contained 
an uninterrupted ORF in only one of the three possible reading frames were used to 
determine which ATG of the 3xATGs (A) and which His6-tag of the 3xHis6 (B) had 
been used during in vivo translation. 
A 
First AT G 474 (71%) 
Second AT G 68(10%) 
Third ATG 129 (19%) 
B 
First His6 273 (41%) 
Second His6 164(24%) 
Third His6 234(35%) 
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Table 2. Enrichment of maize coding sequences by ORF-Rescue 
Total3 BLASTX results6 
No With matches 
matches Transposon Non-transposon 
Random Mbo\-
fragments 
113 66(58%) 41(37%) 6(5%) 
Rescued ORFs 771 171(22%) 461 (60%) 139(18%) 
aOnly inserts longer than 100 bp were included. 
bBatch BLASTX searches against GenBank NR protein database were 
conducted on September 13, 2005 using e"5 as the E-value cutoff. 
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Table 3. ORF rescue from maize BAC clone ZMMBb0188F23. Forty eight His-
positive clones were sequenced. Full-length insert sequences were obtained for 30 
clones, 28 (93%) of which contained at least one uninterrupted ORF. 
Origins of ORFs No. ORFs 
Maize BAC insert 19(68%) 
BAC vector DNA 2(7%) 
£. coli genome 7(25%) 
Total 28 
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ORF-Rescue cassette in pORF-Rescue 
RBS 3xATGs MCS 
TTTAAG AAGGAGATATACATATGGCATGGCATGGCCACTGCAGGAT 
M A W H G H C R I  
M A T A G S 
M A W P L Q D 
dCACCACCATCATCATCACldCATCACCACCACCACCAlTAGGCiCATC 
H  H  H  H  H  H  A S P P P P * - -
T  T  I  I  I  T  H  H  H  H  H  H  R  P  S  
P P P S S S R I T T T T I G H H  
ATCATCACCATCACAC TAGCTGA 
S  S  P  S  H  *  -
H  H  H  H  T  S  *  
Fu et al. Fig. 1 
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Inserts without ORFs ORF-containing inserts 
100% 
80% 
60% 
40% 
20% 
0% 
94% 
no ORF-rescue 
(n=113) 
87% 
after ORF-rescue 
(n=922) 
Fu et al. Fig. 2 
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313 
<100 100-200 200-300 300-400 400-500 500-600 >600 bp 
Fu et al. Fig. 3 
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CHAPTER 3. TYPES AND FREQUENCIES OF SEQUENCING ERRORS IN 
METHYL-FILTERED AND HIGH COT MAIZE GENOME SURVEY SEQUENCES 
A paper published in Plant Physiology1 
Yan Fu, An-Ping Hsia, Ling Guo, and Patrick S. Schnable 
Abstract 
The Maize Genomics Consortium has deposited into GenBank > 850,000 maize 
genome survey sequences (GSSs) generated via two gene enrichment strategies, 
methylation filtration and high-Cot (HC) fractionation. These GSSs are a valuable 
resource for generating genome assemblies and the discovery of single nucleotide 
polymorphisms and nearly identical paralogs. Based on the rate of mismatches 
between 183 GSSs (105 methylation filtration + 78 HC) and 10 control genes, the 
rate of sequencing errors in these GSSs is 2.3 x 103. As expected many of these 
errors were derived from insufficient vector trimming and base-calling errors. 
Surprisingly, however, some errors were due to cloning artifacts. These G*C to A*T 
transitions are restricted to HC clones; over 40% of HC clones contain at least one 
such artifact. Because it is not possible to distinguish the cloning artifacts from 
biologically relevant polymorphisms, HC sequences should be used with caution for 
the discovery of single nucleotide polymorphisms or paramorphisms. The average 
rate of sequencing errors was reduced 6-fold (to 3.6 x 10"4) by applying more 
stringent trimming parameters. This trimming resulted in the loss of only 11% of the 
bases (15,469/144,968). Due to redundancy among GSSs this more stringent 
trimming reduced coverage of promoters, exons, and introns by only 0%, 1%, and 
4%, respectively. Hence, at the cost of a very modest loss of gene coverage, the 
quality of these maize GSSs can approach Bermuda standards, even prior to 
assembly. 
1 Reprinted with permission of Plant Physiology, 2004, 135, 2040-2045(Copyright 2004 American 
Society of Plant Biologists). 
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Introduction 
The National Science Foundation is funding a project to compare two gene 
enrichment strategies for sequencing the gene space of the maize (Zea mays) 
genome. The first strategy uses methyl filtration (MF) to enrich for the gene-rich 
fraction of the genome (Rabinowicz et al., 1999; Palmer et al., 2003). The second 
strategy enriches for genes by sequencing only the high C0t (HC) fraction of the 
genome that is enriched for low-copy sequences (Yuan et al., 2003). In combination 
these two strategies increase by 4-fold the rate of gene discovery as compared to 
shotgun sequencing (Palmer et al., 2003; Whitelaw et al., 2003). 
As of September 2003, 450,166 MF and 445,541 HC genome survey sequences 
(GSSs) from the maize inbred line B73 had been deposited in GenBank 
(http://www.tiqr.org/tdb/tqi/maize/proqress graph.shtml). Ultimately, it will be 
important to assemble these GSSs into contigs. We have recently reported the 
development of innovative parallel algorithms that can assemble more than 730,000 
GSS fragments in 4 h using 64 Pentium III 1.26 GHZ processors of a commodity 
cluster (Emrich et al., 2004). The inevitable sequencing errors in GSS data 
complicate the assembly of contigs. To optimize assembly parameters, it would be 
desirable to have an estimate of the rate of sequencing errors in MF and HC GSSs. 
Sequencing errors in the GSSs also affect their utility for the detection of single 
nucleotide polymorphisms (SNPs) and nearly identical paralogs (NIPs). 
Comparisons between MF and HC GSSs generated from the inbred line B73 and 
sequences from other maize lines can reveal the presence of SNPs that have value 
both as molecular markers and as characters for phylogenetic analyses. 
Sequencing errors will, however, complicate SNP discovery. Recent segmental 
duplications of the human genome have generated large numbers of NIPs that have 
complicated the assembly, annotation, and analyses of that genome (Bailey et al., 
2001, 2002). To avoid these problems during the assembly of the maize genome it 
would be desirable to be able to identify NIPs. NIPs are detected via the discovery 
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of differences in the nucleotide sequences of highly similar paralogs (Emrich et al., 
2004). Although previously termed cismorphisms (Hurles, 2002), for clarity we have 
elected to term these differences in the sequences of NIPs paramorphisms. 
Because sequencing errors can mimic paramorphisms, particularly in regions of the 
genome where sequencing coverage is low, it is critical to know the average rate of 
sequencing errors in GSSs. 
We previously estimated the rates of sequencing errors in the MF and HC GSSs as 
being 3.5 x 103 and 2.5 x 103, respectively (Emrich et al., 2004). These estimates 
were based on comparisons of pairs of overlapping sequence reads from the same 
clone (i.e. clone pairs). In this report, we use an independent approach to estimate 
the rate of sequencing errors in GSSs. Specifically, we compared the sequences of 
MF and HC GSSs to the sequences of 10 control genes. This second approach 
identified two additional classes of errors that were not detected via the analysis of 
clone pairs. One of these newly detected types of errors are cloning artifacts that are 
present in over 40% of the HC clones. Finally, we have identified trimming 
parameters that reduce by 6-fold the sequencing error rate in the MF and HC GSSs. 
This reduction in the rate of sequencing errors (to 3.6 x 10"4) will simplify the 
assembly of the maize genome and the discovery of SNPs and NIPs. 
Results and Discussion 
Identification of Errors from Maize MF and HC GSSs. The rate of sequencing 
errors in MF and HC GSSs was estimated by comparing GSSs to a set of 10 genes 
we cloned and sequenced (Table I; H. Yao, L. Guo, Y. Fu, T.-J. Wen, L. Borsuk, D. 
Skibbe, X.Q. Cui, B E. Scheffler, J. Cao, F. Liu, D.A. Ashlock, and P S. Schnable, 
unpublished data). Because both strands of each of these genes were sequenced 
and the resulting trace files were manually checked for base-calling errors, the error 
rate in this data set was expected to be low. This feature makes this data set of 
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approximately 74 kb of finished sequence a suitable control for estimating the error 
rate in MF and HC data. MF and HC GSSs derived from these 10 control genes 
were identified using BLAST (see "Materials and Methods"). This process identified 
105 MF and 78 HC GSSs (total length approximately 145 kb, Table I) for further 
analyses. Figure 1 depicts the GSSs derived from the rf2a gene (for similar data on 
the other control genes, see Supplemental Fig. 1, A—I, which may be viewed at 
www.plantphvsiol.org). 
The fact that at least four MF and three HC reads matched each of the control 
genes provides encouraging evidence as to the success of the two gene enrichment 
approaches. Among the control genes, the ratios of recovered MF:HC GSSs range 
from 4:24 (rthl) to 14:3 (rf2e1; Table I), presumably reflecting gene-specific 
differences in the genomic sampling achieved by the two gene enrichment 
strategies. For four genes, the GSSs covered all of the exonic regions; the coverage 
of exonic regions among the remaining six genes ranged from 61 % to 97% (Table 
II). For three genes, all of the intronic regions were covered by GSSs; the coverage 
of intronic regions among the six remaining genes that contain introns ranged from 
54% to 90%. Promoter regions (defined for the purposes of this study as being the 
500 bp upstream of the 5' end of the apparently full-length cDNA sequence) were 
less well represented among the GSSs. Of the seven promoters that could be 
analyzed, three were fully represented by GSSs, two were partially represented 
(45% to 57%), and two were not represented by any GSSs. As compared with HC 
GSSs, MF GSSs had a higher coverage of both promoters (53% versus 19%) and 
exons (71% versus 56%), but lower coverage of introns (37% versus 51%). Hence, 
these analyses demonstrate that the two gene enrichment strategies are 
complementary at identifying not only transcribed regions as previously 
demonstrated by Whitelaw et al. (2003), but also promoters and introns. 
Each mismatch in an alignment between a GSS and a control gene triggered a 
second round of manual checking of the trace files associated with both the GSS 
and the control gene. These analyses identified a few errors in the approximately 74 
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kb of control sequences. After correcting these errors, the remaining 339 
mismatches were deemed to be errors in the MF and HC reads, resulting in an 
average error rate of 2.3 x 10~3 (339/144,968; Table III) in the GSSs. The 
distributions of errors in each gene are diagramed in Figure 1 and supplemental 
data (Fig. 1, A-l). The average error rates were lower in MF versus HC GSSs (2.1 x 
10~3 versus 2.6 x 10"3; Table III). This was also usually true at the level of individual 
genes; in all but two genes (rf2b and rf2e1) the rates of sequencing errors in the MF 
GSSs were lower than in the corresponding HC GSSs. 
Three Classes of Errors. The sequencing errors detected in the GSSs can be 
grouped into three classes (Table III). The 21 Class I errors were located in the first 
eight bases of GSS reads and were associated with regions of the sequence traces 
that had high-quality Phred scores (>30, indicating the error probability was less 
than 1O3). Because these errors exhibited 100% identity to the sequences of the 
vectors used in the production of the MF and HC libraries (data not shown), we 
conclude that they are the result of insufficient vector trimming of GSS reads prior to 
deposition in GenBank. 
The 281 Class II errors were all associated with regions of the GSS reads that had 
low-quality scores (i.e. they are true base-calling errors). Ninety percent of these 
errors have quality scores <20 and all have quality scores <30. Class II errors 
consist of deletions (125), insertions (90), and base substitutions (66; data not 
shown). The average rate of Class II errors is 1.9 x 1O3 (281/144,968). 
Approximately 18% of the Class II errors detected in this study were located in the 
first 50 bp at the 5' ends of sequence reads; another 50% were located in the 
terminal 50 bp at the 3' ends of these sequence reads. All of the base substitution 
errors at the 5' ends of GSSs were due to aberrant T-traces (see Supplemental Fig. 
2). The rates of sequencing errors in the first 50 bp (5.2 x 1O3) and last 50 bp (1.6 x 
10~2) were approximately 3-fold and 8-fold higher than the overall rate of Class II 
errors, respectively. This suggests that the frequency of errors could be reduced 
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substantially by more stringently trimming the ends of sequence reads. 
To test this hypothesis, Lucy software (Chou and Holmes, 2001 ; 
http://www.tiqr.org/software/) was used to trim vector and low-quality regions from 
GSS reads. By tuning Lucy's parameters (-Size 9, -Bracket 20 0.003, -Window 10 
0.01, -Error 0.005 0.002; see Supplemental Table I for details), it was possible to 
eliminate almost all of the Class I errors (20/21) and 94% of the Class II errors 
(264/281). The average error rate after trimming was only 3.6 x 10"4, a 6-fold 
reduction as compared with the error rate in the sequences as deposited in 
GenBank (i.e. 2.3 x10"3). This more stringent trimming resulted in the loss of only 
11% of the bases (15,469/144,968) in the data set. More significantly, due to partial 
redundancy among GSSs, these new trimming parameters had even less impact on 
gene coverage. The coverage of promoters, exons, and introns remained almost the 
same (i.e. trimming reduced coverage by only 0%, 1%, and 4%, respectively; Table 
II). Hence, at the cost of a very modest loss of coverage, the quality of these GSSs 
can approach Bermuda standards, even though this standard is usually only applied 
to assembled genomic sequences. 
The 37 remaining errors (Class III, Table III) were all G*C to A*T transitions 
associated with regions of the GSS trace files that had quality scores of greater than 
30. Some HC clones contained multiple Class III errors, and Class III errors were 
detected in multiple HC libraries (see Supplemental Table II). The fact that the Class 
III errors were detected only within HC reads explains at least partially why the rate 
of sequencing errors was somewhat higher in HC than MF GSSs (2.6 x 10"3 versus 
21 x10 3 ) .  
The 16 Class III errors located in overlapping regions of clone pairs were detected 
by both the forward and reverse sequencing reads. Manual inspection of the 
sequence traces and the results of the clone pair analysis demonstrate that the 
Class III errors are not base-calling errors. Instead, we assert that the affected HC 
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clones contain SNPs relative to the control genes. 
We considered the possibility that the affected HC clones are derived from NIPs of 
the control genes. This possibility is not, however, consistent with the fact that Class 
III errors are detected only among the HC clones. In addition, existing DNA gel-blot 
hybridization data do not support the existence of NIPs for any of the control genes 
(data not shown). We instead conclude that the Class III errors are cloning artifacts. 
These cloning artifacts are particularly problematic because they cannot be 
distinguished from biologically relevant SNPs or paramorphisms. Although they 
occur at a relatively low rate within HC sequences (6 x 10"4), more than 40% (20/46) 
of HC clones contain at least one Type III error (Supplemental Table II). 
The origin of these cloning artifacts is not known. The original protocol for 
generating HC libraries (Yuan et al., 2003) employed Klenow (exo-; New England 
Biolabs, Beverly, MA) to convert single-stranded DNA molecules to double-stranded 
molecules that could be cloned. Because Klenow (exo-) does not have 5' -> 3' or 3' -
> 5' proofreading exonuclease activity, it mis-incorporates nucleotides at a high rate 
(3.8 x 10"3; Brown et al., 2002). Consequently, for the production of the HC libraries 
sequenced by the Maize Genome Sequencing Consortium, Klenow Fragment 
(Stratagene, La Jolla, CA) was substituted for Klenow (exo-; J. Bennetzen, personal 
communication). Although the Klenow Fragment has been reported to have a fidelity 
of approximately 10"7 (Kunkel and Bebenek, 2000), we hypothesize that its fidelity is 
dependent upon reaction conditions. Consistent with the hypothesis that the cloning 
artifacts in the HC libraries were introduced by Klenow is the observation that all of 
the Class III errors are G*C to A*T transitions and Escherichia coli DNA polymerase 
I is known to exhibit a strong bias toward G*C to A*T transitions substitution errors 
(Schaaper, 1993). 
Comparisons of Methods to Estimate Rates of Sequencing Errors. By aligning 
GSSs with previously sequenced genes, it was possible to detect two classes of 
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sequencing errors (Types I and III) that were not detected via the analysis of GSS 
clone pairs (Emrich et al., 2004). Even so, this analysis yielded somewhat lower 
estimates of the rates of sequencing errors than was obtained via the analysis of 
clone pairs. This is probably because Type II sequence errors occur at higher rates 
in the ends of sequence reads, which are more likely to be located in the 
overlapping regions of clone pairs, which are overrepresented in the clone pair 
analysis. 
Recommendations 
The quality of the maize MF and HC GSSs released to GenBank by the Maize 
Genome Sequencing Consortium is quite high. For certain applications (e.g. 
genome assembly and the detection of SNPs and NIPs) it would, however, be 
desirable to have available sequences with even lower rates of errors. The quality of 
the maize MF and HC GSSs can be improved greatly by more stringently trimming 
vector and low quality sequences from the 5' and 3' ends of the sequence reads 
(viz., using Lucy parameters of -Size 9, -Bracket 20 0.003, -Window 10 0.01, and -
Error 0.005 0.002). Because more than 40% of HC clones contain at least one Type 
III error, HC sequences should be used with caution in analyses in which errors 
must be minimized. It would be desirable that future HC libraries from maize or other 
species be prepared only after identifying reaction conditions that have reduced 
rates of cloning artifacts. 
Materials and Methods 
BLAST Search and Output Parsing 
BLASTN searches (http://www.ncbi.nlm.nih.gov/blast/) without filtering low-
complexity sequences were conducted using 10 control genes as query sequences 
and maize (Zea mays) GSSs as the object database (November 11, 2003). Default 
BLASTN settings for scoring alignments were used. Perl scripts were then used to 
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parse the GenBank accession numbers of MF and HC GSSs from those alignments 
that met the following criteria: similarity > 98%, alignment length > 250 bp, alignment 
length > [GSS length - 20 bases], and E-value < e"100. BLAST was also used to align 
control genes to GSSs. 
Retrieval of GSS Data 
The trace files, quality score files, and clip site information of all qualified MF and HC 
GSSs were downloaded from the National Center for Biotechnology Information 
(NCBI) Trace database (http://www.ncbi.nlm.nih.gov/Traces). Only GSSs for which 
sequencing quality scores were available were analyzed further. Trace files were 
loaded into Sequencher software (version 4.1 ; Gene Codes, Ann Arbor, Ml) for error 
verification. 
GSS Trimming Using Lucy 
Lucy (http://www.tigr.org/software/) was used to retrim GSSs. The sequences of the 
pBC SK- (Stratagene) and pCR4-TOPO (Invitrogen, Carlsbad, CA) vectors that had 
been used to construct the MF and HC libraries, respectively 
(http://www.tigr.org/tdb/tgi/maize/library_info.shtml), were used for vector trimming. 
Because Lucy indicates only the locations at which trimming should occur, an AWK 
script was written to trim GSSs and store trimmed data in FASTA format. The length 
of each trimmed GSS was calculated using a Perl script. 
Calculation of GSS Coverage of Promoters, Exons, and Introns 
GSS coverage was calculated as the percentage (%) of each region of a control 
gene that was covered by at least one GSS. For the purposes of this study, the 
promoter region was defined as the 500 bp 5' of the 5' end of the apparently full-
length cDNA sequence. 
Availability of Novel Materials 
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Upon request, all novel materials described in this publication will be made available 
in a timely manner for noncommercial research purposes, subject to the requisite 
permission from any third-party owners of all or parts of the material. Obtaining any 
permissions will be the responsibility of the requestor. 
Sequence data from this article have been deposited with the EMBL/GenBank data 
libraries under the following accession numbers AF302098, AF215823, AF348412, 
AF348414, AF348418, AF370004, AF370006, AY265854, AY265855, and 
AY374447. 
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Figure Legends 
Figure 1. GSS coverage of the rf2a gene. Black boxes indicate experimentally 
validated exons. The two vertical dotted lines define the interval used for the 
coverage calculations presented in Table II. Solid green lines designate GSSs with 
5'->3' orientations, while red dotted lines designate GSSs with 3'->5' orientations. 
The black, blue and red dots on GSSs indicate Class I, Class II and Class III errors, 
respectively. MF and HC GSSs are located above and below the gene, 
respectively. The grey box indicates the ~4.8 kb region (positions 8,430-13,230) 
masked prior to the BLAST search, which contains two ORFs (positions 8,430-
12,224 and 11,869-13,230) of a repetitive copia-like retrotranspon, DON QUIXOTE. 
Table I. Alignments of MF and HC GSSs with ten control genes, prior to and after trimming GSSs 
Control Genes GSSs a 
Name Accession Length GC No. of GSSs Length of GSSs (bp) 
Number (bp) % MF HC Total MF HC Total 
gl8a AF302098 6,817 51.1 9 3 12 7,371/6,849 2,367/2,119 9,738/8,968 
rf2ab AF215823 12,673" 4 3 0  12 8 20 10,306/8,945 7,162/6,100 17,468/15,045 
rf2c AF348412 7,257 48.1 6 8 14 5,203/4,731 4,719/4,190 9,922/8,921 
rf2<f AF348414 7,415 5 3 0  12 10 22 9,950/8,969 7,742/6,777 17,692/15,746 
rf2b AF348418 4,311 51.0 15 4 19 11,821/10,434 3,335/2,953 15,156/13,387 
pdc2 AF370004 5,443 52.7 12 4 16 10,042/9,344 3,866/3,472 13,908/12,816 
pdc3 AF370006 7,773 46.1 12/11 11 23/22 8,649/7,854 8,718/7,837 17,367/15,691 
rth1 AY265854 14,348 40.7 4 24/23 28/27 3,338/2,961 18,446/15,852 21,784/18,813 
rth3 AY265855 3,158 58.0 9 3 12 7,194/6,981 1,731/1,620 8,925/8,601 
rf2e1 AY374447 4,801 52.4 14/13 3 17/16 10,398/9,268 2,610/2,243 13,008/11,511 
Total/A vg. 73,996 47.6 105/103 78/77 183/180 84,272/76,336 60,696/53,163 144,968/129,499 
a Before/after trimming. 
b A -4.8 kb region of the 5th intron of rf2a was masked prior to the BLAST search(Figure 1). This region contains two ORFs of a repetitive 
retrotransposon. 
c rf2d contains partial CDS and only boundary-defined exons and introns were used in calculation. 
Table II Coverage of promoters, exons and introns by MF and HC GSSs, prior to and after trimming GSSs 
Gene 
Coverage (% )a 
Promoters b Exons Introns 
MF HC Total MF HC Total MF HC Total 
gl8a 45/45 0 45/45 59/59 41/40 100/99 41/41 45/37 87/79 
rf2ac 0 0 0 27/27 75/69 79/79 40/39 40/38 77/73 
rf2c 25/24 32/32 57/56 50/49 46/39 89/86 77/77 8/8 85/85 
rf2d NAd NAd NAd 100/100 100/100 100/100 100/100 100/100 100/100 
100/100 100/100 100/100 100/100 54/53 100/100 100/100 47/46 100/100 
pdc2 NAd NAd NAd 100/100 66/66 100/100 99/97 95/95 100/100 
pdc3 100/100 0 100/100 95/94 50/49 97/96 90/90 39/39 90/90 
rth1 0 0 0 18/18 61/60 61/60 4/4 64/58 64/58 
rth3 NAd NAd NAd 97/97 36/36 97/97 NAe NAe NAe 
rf2e1 100/100 0/0 100/100 74/74 29/18 74/74 43/43 36/34 54/53 
Avg. 53/53 19/19 57/57 71/71 56/54 89/88 37/37 51/47 74/70 
a Before/after trimming. 
b Defined for the purposes of this study as being the 500 bp upstream of the 5" end of the apparently full-length cDNA sequence. 
° A portion of the 5th intron of rf2a was not included in this study (Figure 1). 
d Not applicable due to absent or short (<500 bp) promoter. 
e Not applicable; rth3 does not contain any introns. 
Table III: Estimation of the rate of sequencing errors in MF and HC GSSs, prior to and after trimming GSSs 
Gene Errors in GSSs a 
MF + HC MF HC 
No. Errors Error rate b No. Errors Error rate b No. Errors Error rate * 
(10-3/bp) 1 II III TOTAL (10~3/bp) I II III Total (10~3/bp) 
gl8a 18/2 1.9/0.22 5/0 7/0 0 12/0 1.6/0 0 5/2 1/0 6/2 2.5/0.94 
rf2a 56/4 3.2/0.27 1/0 30/1 0 31/1 3.0/0.11 0 21/0 4/3 25/3 3.5/0.49 
rf2c 15/5 1.5/0.56 0 7/0 0 7/0 1.3/0 0 3/0 5/5 8/5 1.7/1.2 
rf2d 47/9 2.7/0.57 0 21/2 0 21/2 2.1/0.22 2/0 18/1 6/6 26/7 3.4/1.0 
rf2b 26/2 1.7/0.15 0 26/2 0 26/2 2.2/0.19 0 0 0 0 0 
pdc2 30/5 2.2/0.39 0 18/1 0 18/1 1.8/0.1 1/0 5/0 6/4 12/4 3.1/1.2 
pdc3 40/5 2.3/0.32 0 19/0 0 19/0 2.2/0 1/0 15/1 5/4 21/5 2.4/0.64 
rth1 53/10 2.4/0.53 0 4/0 0 4/0 1.2/0 8/1 35/4 6/5 49/10 2.7/0.63 
rth3 24/3 2.7/0.35 1/0 16/1 0 17/1 2.4/0.14 2/0 2/0 3/2 7/2 4.0/1.2 
<f2e7 30/2 2.3/0.17 0 24/2 0 24/2 2.3/0.21 0 5/0 1/0 6/0 2.3/0 
Total 339/47 2.3/0.36 7/0 172/9 0 179/9 2.1/0.12 14/1 109/8 37/29 160/38 2.6/0.71 
a Before/after trimming 
b Error rate = number of errors / total length of GSSs (bp) 
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Supplementary data 
Figure 1. GSS coverage of nine genes. Black boxes indicate experimentally 
validated exons. The two vertical dotted lines define the interval used for the 
coverage calculations presented in Table II. Solid green lines designate GSSs with 
5'->3' orientations, while red dotted lines designate GSSs with 3'->5' orientations. 
The black, blue and red dots on GSSs indicate Class I, Class II and Class III errors, 
respectively. MF and HC GSSs are located above and below the genes, 
respectively. 
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Figure 2. Association of 5' terminal Class II base-calling substitution errors with 
aberrant T-traces (red). All (12/12 in 10 GSS reads) 5' terminal Class II base-calling 
substitution errors are illustrated. The clone ID of each affected read is listed. The 
correct sequence of each read is listed above the incorrect sequence. 
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Table I. Tuning Lucy's parameters. The rate of errors can be reduced by over 50% by increasing the Bracket size from 15 
to 20 (Settings I vs. II). A further increase of the Bracket size to 30 does not substantially decrease the error rate (Settings 
II vs. III). In contrast, the error rate can be further reduced by -22% (4.2 x 10~4 vs. 3.3 x 10~4) by using a more stringent 
Window error parameter (0.3 versus 0.01, Settings II vs. IV). This, however, results in the trimming of-13% of bases. To 
reduce this trimming loss without substantially increasing the error rate, the error settings of both Bracket and Error 
parameters were adjusted (Setting V). This resulted in an error rate of 3.6 x 10-4 and the loss of only ~11 % bases. 
GenBank* Lucy Trimming 
I II III IV V 
Settings 
Bracket [15 0.001] [20 0.001] [30 0.001] [20 0.001] [20 0.003] 
Window [10 0.3]" [10 0.3]" [10 0.3]" [10 0.01] [10 0.01] 
Error [0.005 0.001] [0.005 0,001] [0.005 0.001] [0.005 0.001] [0.005 0.002] 
Change in GSS length (%)c 100% 95% 93% 90% 87% 89% 
No. Errors 339 125 57 52 42 47 
Error rate (104) 23 0 9.1 4.2 4.0 3.3 3.6 
Trimming efficiency scored 4 2 8  11.01 23 60 25 19 30.17 27 55 
3 Calculated by trimming the MF and HC GSSs included in this study using clip site data deposited by TIGR in GenBankTraceDB. 
b Lucy's default setting. 
c Total length of trimmed GSSs/ 144,948 (GenBank records) * 100%. 
dTrimming efficiency score = Total length of trimmed GSSs/(No. Errors x 100). 
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Table II. Frequencies of HC clones containing Class III errors in various libraries. 
Library ID Total 
PUD PUE PUF PUG PU H PU I PUJ PUA PUB PUC 
1/4 1/1 7/16 2/2 4/8 4/8 1/1 0/2 0/3 0/1 20/46 
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CHAPTER 4. QUALITY ASSESSMENT OF MAIZE ASSEMBLED GENOMIC 
ISLANDS (MAGIS) AND LARGE-SCALE EXPERIMENTAL VERIFICATION OF 
PREDICTED GENES 
A paper published in Proceedings of the National Academy of Sciences of the 
United States of America^ 
Yan Fu2, Scott J. Emrich2, Ling Guo, Tsui-Jung Wen, Daniel A. Ashlock, 
Srinivas Aluru, and Patrick S. Schnable 
Abstract 
Recent sequencing efforts have targeted the gene-rich regions of the maize (Zea 
mays L.) genome. We report the release of an improved assembly of maize 
assembled genomic islands (MAGIs). The 114,173 resulting contigs have been 
subjected to computational and physical quality assessments. Comparisons to the 
sequences of maize bacterial artificial chromosomes suggest that at least 97% (160 
of 165) of MAGIs are correctly assembled. Because the rates at which junction-
testing PCR primers for genomic survey sequences (90-92%) amplify genomic DNA 
are not significantly different from those of control primers (91%), we conclude that a 
very high percentage of genie MAGIs accurately reflect the structure of the maize 
genome. EST alignments, ab initio gene prediction, and sequence similarity 
searches of the MAGIs are available at the Iowa State University MAGI web site. 
This assembly contains 46,688 ab initio predicted genes. The expression of almost 
half (628 of 1,369) of a sample of the predicted genes that lack expression evidence 
was validated by RT-PCR. Our analyses suggest that the maize genome contains 
between 33,000 and 54,000 expressed genes. Approximately 5% (32 of 628) of the 
maize transcripts discovered do not have detectable paralogs among maize ESTsor 
detectable homologs from other species in the GenBank NR nucleotide/protein 
database. Analyses therefore suggest that this assembly of the maize genome 
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contains approximately 350 previously uncharacterized expressed genes. We 
hypothesize that these "orphans" evolved quickly during maize evolution and/or 
domestication. 
1 Reprinted with permission of PNAS, 2005, 102(34), 12282-12287(Copyright 2005 National Academy 
of Sciences, U.S.A.). 
2These primary authors contributed equally to this paper 
Introduction 
Maize (Zea mays L.) is the best-studied model for cereal biology and one of the 
world's most important crops. Most of the maize genome consists of highly repetitive 
sequences; consequently, the genes in this plant comprise only 10-15% of its 
genomic DNA (1, 2). Because of its large repetitive fraction, the National Science 
Foundation funded the Maize Genomics Consortium to test two distinct filtration 
strategies for sequencing the "gene-rich" portion of the maize genome: methylation 
filtration (MF) and high C0t (HC) selection. To date, these pilot projects have 
generated and deposited into GenBank 450,166 MF sequences, 445,541 HC 
sequences, and 50,877 random shotgun sequences as genomic survey sequences 
(GSSs). MF and HC strategies have proven effective in selectively recovering maize 
genes not captured by EST projects (3, 4). 
The assembly of these GSSs into genomic contigs significantly increases their utility. 
Our group developed a genome assembly pipeline based on innovative parallel 
algorithms that can quickly assemble hundreds of thousands of non-uniformly 
generated genomic fragments, such as MF and HC sequence reads, in a few hours 
(5). A key advantage of our parallel genome assembly pipeline is that the speed with 
which assemblies can be generated allows experimentation on the assembly 
process perse. Specifically,this speed makes it possible to determine the effects of 
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different assembly parameter values on the quality of the resulting assemblies. 
Three research groups currently provide publicly available partial maize genome 
assemblies based on the GSS data [The Institute for Genomic Research (TIGR), 
Plant Genome Database, and ourgroup]. To our knowledge, none of these 
assemblies has been subjected to systematic studies into the quality of the resulting 
genomic contigs, nor have attempts been made to validate the structures of 
potentially novel maize genes found in these assemblies that have to date eluded 
discovery via the extensive maize EST projects. Structure validation will provide data 
that can be used to design strategies to assemble the maize genome (6). 
The current study reports improvements to the quality of the sequence data used for 
assembly and the assembly pipeline used to generate our maize assembled 
genomic islands (MAGIs). Computational and biological quality assessments 
indicate that a high percentage of the MAGIs accurately reflect the structure of the 
maize genome. In addition, we estimate that this assembly of the maize gene space 
has "tagged" >6,900 expressed genes that previously lacked evidence of 
transcription and that almost 350 of these genes are "orphans"; i.e., they do not 
exhibit similarity to genes in other species. This large-scale application of RT-PCR 
for the verification of the expression of predicted monocot genes is a step to 
developing a framework for the subsequent annotation of the entire maize 
transcriptome. Based on the results of these RT-PCR experiments, we estimate that 
the B73 genome contains between 33,000 and 54,000 expressed genes. 
Materials and Methods 
Maize GSS Retrieval, Trimming and Repeat Masking. Genomic Survey Sequence 
(GSS) sequence and quality score files generated by the Maize Genome 
Sequencing Consortium (Danforth Center, TIGR, Purdue University, and Orion 
Genomics) from the Zea mays inbred line B73 were downloaded in late September 
2003 from the National Center for Biotechnology Information 
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(ftp://ftp.ncbi.nih.gov/pub/TraceDB). This untrimmed, raw dataset consisted of 
880,404 fragments totaling 857 MB and was subsequently trimmed with LUCY (7). 
The trimming parameters used for these GSSs were Bracket [20 0.003], Window [10 
0.01], and Error [0.005 0.002]. Approximately 240,000 bacterial artificial 
chromosome (BAC) end reads were similarly downloaded from GenBank and 
processed to locate additional maize statistically defined repeats (5) that were used 
for repeat masking. 
Validation of MAGI Assemblies by Using Sequenced Maize BACs. Sixteen 
entire maize B73 BAC sequences (GenBank accession nos. AC144717, AF448416, 
AF464738, AF466202, AF466203, AF466646, AF466931, AF546189, AY325816, 
AY371488, AY146791, AY180107, AY180106, AF271636, AY530952, and 
AY530951 ) downloaded from GenBank on July 24, 2004, were used as benchmarks 
to test the structures of MAGIs. These BACs were aligned with MAGIs by using 
BLASTN with the low complexity filter turned off. Only MAGIs that had BLAST 
alignments of 99% identity and alignment lengths of 400 bp were analyzed. The 
overlapping region between two BACs (accession nos. AY325816 and AF464738) 
resulted in five pairs of identical MAGI/BAC alignments. Only one member of each 
pair was analyzed. 
RNA Isolation and Reverse Transcription. RNA samples of maize inbred line B73 
were isolated from various treatments and/or tissues (see Supporting Materials and 
Methods, which is published as supporting information on the PNAS web site). First-
strand cDNA was synthesized with superscript II reverse transcriptase (RT) with 
Oligo-dT priming (Invitrogen). The resulting product was then treated with DNasel 
(Invitrogen) and purified for PCR by following a previously described protocol that 
prevents genomic DNA contamination (8). 
Touchdown PCR Amplification and Direct Sequencing of RT-PCR Products. 
Primers for genomic and RT-PCRs were designed with PRIMER3 (see Supporting 
Materials and Methods for details) (9). For cDNA and genomic DNA templates, 
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PCRs were incubated for 2 min at 92°C, followed by 10 cycles of denaturation at 
94°C for 30 s, annealing for 30 s, and elongation at 72°Cfor 1 min and another 24 
cycles of 94°C for 30 s, 61 °C for 30 s, and 72°C for 1 min and a final 10-min 
extension at 72°C. The annealing temperature was decreased by 0.8°C per cycle 
during the first 10 cycles from 69°C to 61°Cto increase the specificity of the 
amplification. PCRge cleanup plates (Millipore) were used to purify PCR products for 
single RT bands. QIAquick spin columns (Qiagen, Valencia, CA) were used to purify 
individual bands for double RT bands. Each purified sample was sequenced from 
both directions. The sequences of the RT-PCR products are available from the 
authors upon request. 
Gene Content Analyses. The sequences of the assembled B73 3' Iowa State 
University Maize ESTs build (10) were used to assess gene coverage by querying 
MAGIs with low (e"30) and high (e"100) stringency E-value criteria and with the low-
complexity filter turned off. FGENESH (Softberry, Mount Kisco, NY) was used forati 
initio gene prediction with monocot parameters and the GC option that uses all 
potential GC donor splice sites (10). Evidence for the transcription of predicted gene 
models was obtained by querying another larger build of assembled maize 
transcripts (see Supporting Materials and Methods) using BLASTN (e~10 as E-value 
cutoff). 
Annotation of Maize Genes Without Evidence of Expression. The MAGI 3.1 
assembly was initially screened against the Plant Genome Database maize tentative 
unique genes downloaded in September, 2003, using GENESEQER (11) as 
described in ref. 10. A sample of MAGIs that exhibited FGENESH predictions but 
that did not have GENESEQER EST alignments were subjected to RT-PCR. The 
predicted genes tested by RT-PCR were later compared with the above-mentioned 
assembly of all maize ESTs by using TBLASTN with a criterion of an E value of e"10. 
RT-PCR primer pairs designed from predicted genes that exhibited significant 
matches to maize transcripts were used as controls for RT efficiency within the 
mRNA sources used in this study. The remaining candidates were then run against 
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TIGR plant Gene Indices (see Supporting Materials and Methods for details). 
Significant matches were determined by using BLASTN and TBLASTN with a 
criterion of an £ value of e"10. The cDNA sequences of predicted genes without 
matches to the plant transcripts were also compared with the GenBank NR protein 
and nucleotide database (June 2005) with BLASTX and TBLASTX, respectively, and 
a very conservative E-value cutoff (e"4). Predicted genes that exhibit matches only to 
maize and that did not align to transposons or annotated genes were deemed novel. 
Display of MAGI Annotation. GBROWSE 1.61 was downloaded from the Generic 
Model Organism Database web site (12) and installed on an Apple Mac OS 10.3 
system. The CAP3 assembly output files (13), GENESEQER alignments using Iowa 
State University B73 assembled 3' EST data (10), FGENESH predictions, BLASTX 
hits (E-value cutoff, e~10), and PRIMERS results were parsed into GFF files by using 
PERL and AWK scripts. All GFF files were loaded into MYSQL database for 
GBROWSE display. 
Results and Discussion 
Assembly of MAGI Version 3.1. To assemble the maize gene space, it was 
necessary to develop a scalable solution that used mechanisms to minimize 
assembly artifacts caused by the presence of repetitive elements and that also 
accounted for the nonuniform sampling of the genome due to gene enrichment (5, 
14). In our pipeline, sequences were cleaned, repeat-masked, and clustered by 
using PACE (15) based on defined overlap criteria. The sequences within clusters 
were then unmasked and assembled with CAP3 into one or more contigs. Relative 
to our prior maize genome assembly (5), the assembly presented here (MAGI 3.1 ) 
incorporates further improvements in the quality of the input sequences and the 
repeat masking process, and it uses clone pair information during clustering. 
When assembling a genome sequenced with a shotgun cloning approach, sequence 
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errors in the input data tend to "average out" if a sufficient degree of redundancy 
exists. As compared with the shotgun approach, non-uniform genome sampling 
approaches (e.g., MF and HC enrichment) could lead to higher rates of sequence 
errors within poorly sampled regions. Therefore, before the assembly of version 3.1, 
we conducted an analysis of a sample of publicly available MF and HC sequences to 
determine the sources and locations of sequencing errors relative to a benchmark 
set of 10 genes totaling 79 kb of highly finished sequence (16). This study 
demonstrated that the average rate of errors per base in a sample of unassembled 
MF and HC GSSs could be reduced 6-fold (to 3.6 x 10"4) by applying more stringent 
trimming parameters with minimal loss of gene content. These parameters were 
applied to all input sequences used in assembling MAGI Version 3.1. 
Another of the improvements of MAGI 3.1 versus MAGI 2.3 was the use of an 
updated version of our non-redundant repeat database for repeat masking. Because 
repeats are overrepresented in the genome, they should also be overrepresented 
within a random sample of genomic fragments. Available BAC end sequences are 
not a random sample of the maize genome but are substantially more representative 
than sequences obtained by gene enrichment (e.g., MF or HC selection). 
Consequently, we first masked an updated collection of BAC end sequences by 
using known repeats to enrich for lower-copy repetitive sequences. These masked 
data were then subjected to single-linkage clustering to generate statistically defined 
repeats. This analysis resulted in the recovery of additional repetitive sequences, 
which were incorporated into version 2.0 of the MAGI repeat database. A larger 
fraction of unfiltered shotgun and BAC end data are classified as repetitive by using 
these new statistically defined repeats (74% versus 57.6%) relative to the previously 
reported repeat database (version 1.0), a value that better correlates with the 
estimated frequency of repetitive sequences in the maize genome (17). 
The third improvement of the MAGI 3.1 pipeline over that of MAGI 2.3 relates to the 
use of clone pair information. Sequencing both ends of a cloned fragment of DNA 
generates two sequences with known physical proximity features; this information is 
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especially useful to help the assembler resolve highly similar repeats found in 
complex genomes. In our pipeline, paired sequences that contain at least 100 bases 
of non-repetitive DNA are grouped together and provided to PACE as initial clusters, 
thereby preserving all relevant clone pair information. Although a large percentage of 
these PACE clusters yield single contigs, proximity constraints sometimes provide 
evidence that clusters should be split into two or more contigs during assembly. A 
comparison of this build to the previously reported MAGI 2.3 is presented in Table 1. 
Quality Assessment of MAGIs. A combination of computational and wet-
laboratory approaches (illustrated in Fig. 1) was developed to assess the quality of 
our current partial maize genome assembly. In the following sections, we 
demonstrate that the contigs in the latest MAGI assembly are of high quality. 
MAGI Validation: Comparisons to BAC Sequences. The sequences of 16 
published maize B73 BACs were used as a benchmark for validating the structures 
of MAGIs. A BLAST search returned 173 non-redundant alignments between these 
16 BACs and MAGIs. To determine whether these alignments verify the structure of 
a MAGI, we define the concept of consistency (Fig. 1A). Consistent MAGl/BAC pairs 
contain no more than 20 bases of a MAGI that do not align to the BAC (i.e., the sum 
of the two potential overhangs). 
We excluded from subsequent analyses the eight inconsistent alignments that 
involved only a single GSS within a MAGI because these alignments do not test 
fragment assembly errors and are instead most likely due to misalignment of 
repetitive sequences. Indeed, all eight alignments of this type included repetitive 
sequences contained with the TIGR repeat database 4.0 (Table 5, which is 
published as supporting information on the PNAS web site). 
Removing these eight inconsistent repetitive alignments left 165 MAG l/BAC 
alignments for validation (Table 5). Of these 165 MAGI/BAC alignments, 95.2% 
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(157) are consistent. Because we observed evidence of the collapse of Near 
Identical Paralogs (NIPs) in the MAGI 2.3 build (5), we hypothesized that at least 
some of the eight inconsistent MAGIs detected in the current study could also have 
arisen via the collapse of NIPs into a single MAGI. Potential paramorphisms 
(polymorphisms between paralogs) in GSSs that comprise a MAGI have been 
reported previously (5, 16). Consequently, the trace files of the GSSs used to 
assemble each of the eight inconsistent MAGIs were examined manually. The GSSs 
associated with four inconsistent MAGIs are 100% identical and therefore exhibit no 
evidence of NIP collapse (Table 6, which is published as supporting information on 
the PNAS website). The structures of three of these inconsistent MAGIs (nos. 
41789, 84169, and 107229) were validated by genomic PCR (data not shown). 
Hence, the apparent inconsistencies associated with these three MAGIs appear to 
be a consequence of aligning MAGIs to highly similar but inappropriate BACs. The 
origin of the fourth inconsistent MAGI (no. 53496) is not known. In contrast, and 
consistent with the hypothesis that at least some of the inconsistent MAGIs arise 
because of NIP collapse, the GSSs used to assemble the remaining four 
inconsistent MAGIs (nos. 8097,22812, 39419, and 89783) exhibited at least one 
putative paramorphism (Table 6). In the case of MAGI 89783, which encodes c/'s-
zeatin O- glucosyltransferase, this hypothesis regarding the origin of inconsistent 
MAGIs is further supported by the presence in the maize inbred line B73 of two 
highly similar (98.3% nucleotide identity) c/s-zeatin O-glucosyltransferase genes, 
ciszogl and ciszog2 (accession nos. AF318075 and AY082660) (18). Significantly, 
the putative paramorphisms observed in the GSSs that comprise MAGI 89783 
match those that distinguish ciszogl and ciszog2 (Fig. 2). Further support for the 
hypothesis that at least some of the inconsistent MAGIs arise via NIP collapse is 
provided by the observation that the rate of inconsistent MAG l/BAC alignments that 
contain putative paramorphisms (2.4%, 4 of 165) is similar to the observed rate of 
NIPs in the maize genome, i.e., 1% (S.J.E., T.-J.W., M. D. Yandeau-Nelson, Y.F., L. 
Li, L.G., H.-H. Chou, S.A., D A.A., and P.S.S., unpublished data). These results 
suggest that the misassembly can be caused not only by highly homologous 
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transposons but also by nearly identical non-transposon genes. The prevention of 
the misassembly in future assemblies of the maize genome will require access to 
very high-quality sequence data and the application of stringent assembly 
parameters. 
MAGI Validation: Genomic PCR. The computational analyses described above 
suggest that, at minimum, 97% of MAGIs are correctly assembled. This observation 
is based on the hypothesis that if two independent assemblies (BAC and MAGI) 
agree, both are most likely correct. Note, however, that this is a conservative 
estimate; inconsistent MAGI/BAC alignments could also arise because of biological 
idiosyncrasies within the maize genome. To provide an estimate that incorporates 
such uncertainty, PCR amplification was used to independently estimate the 
proportion of MAGI assemblies that accurately reflect the structure of the maize 
genome (Fig. 1B). To first estimate the rate of false-negative PCR amplification, 
pairs of control primers that span predicted introns were designed that anneal to a 
single GSS (Fig. 1B, set 1; see also Materials and Methods). Each of these pairs of 
primers was used to conduct touchdown PCR on genomic DNA from the inbred line 
B73. As shown in Table 7, which is published as supporting information on the 
PNAS web site, 86% (1,165 of 1,358) of these control primers yielded a single PCR 
product of the size expected based on the positions at which the primers anneal to 
the GSS. Another 5% (68 of 1,358) of the control primers yielded a doublet PCR 
product, one ofwhich was the expected size. Consistent with the structure of the 
maize genome (19), these doublets probably arise via the amplification of pairs of 
paralogous sequences. PCR failures [i.e., primer pairs that yielded either no band 
(6%) or multiple bands/smears (3%)] probably reflect problems in primer design, 
e.g., attempts to amplify multi-gene families. 
Junction-testing primers were used to experimentally determine the quality of 
MAGIs. Pairs of junction-testing primers are those in which each member of a primer 
pair can anneal to either different GSSs within the same clone (Fig. 1B, set 2) or to 
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different clones in a single MAGI (Fig. 1B, set 3). As such, these primer pairs can be 
used to test the assembly junctions of the GSSs that comprise a given MAGI. 
Approximately 90.9% (512 of 563; Fig. 1B, set 2) and 92.5% (99 of 107; Fig. 1B, set 
3) of the junction-testing primer pairs yielded a single or doublet PCR product of the 
expected size (Table 7). Hence, the success rates of the junction-testing primers 
(90-92%) are similar to that of the control primers (91%). Based on a Z test for 
difference of two proportions, there is no statistical support for the hypothesis that 
the success rates of these classes of primers differ. We therefore conclude that a 
very high percentage of the GSS junctions reported in genie MAGIs are correct (i.e., 
they accurately reflect the structure of the maize genome). 
Sequence Fidelity of MAGIs. By aligning GSSs to a benchmark set of 10 genes 
totaling 79 kb of highly finished sequence identified trimming parameters that 
reduced the rate of sequencing errors in a sample of GSSs from 2.3 x 10"3 to 3.6 x 
10"4 (16). As mentioned above, these trimming parameters were used in the MAGI 
3.1 build. We report here that the MAGIs corresponding to these 10 control genes 
have a sequencing error rate of 1 x 10"4. The reduction in the rate of sequencing 
errors observed in MAGIs relative to GSSs is probably a consequence of the re­
sampling of some base positions within MAGIs as compared with single-pass GSSs. 
About half (82 of 165) of the consistent MAG l/BAC alignments described above 
exhibit 100% identity, and only 213 bp of 274,689 bp (7.7 x 10 4) within consistent 
alignments exhibit disagreements between the sequences of a MAGI and its 
respective BAC. The almost 8-fold difference between the estimated rates of 
sequencing errors in MAGIs obtained through alignments to BACs (7.7 x 1O4) and 
alignments to the set of 10 control genes (i.e., 1 x 104) may reflect higher 
sequencing errors in the BACs or the inappropriate alignment of a MAGI to a BAC 
that contains a NIP of a gene present in that MAGI. 
Genie Content of MAGIs. Determining how successfully the MF and HC filtration 
strategies have sampled the gene space of the maize genome is complicated by the 
fact that a complete inventory of maize genes is not available. Even so, several 
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computational experiments suggest that the MF and HC GSSs have captured a 
large fraction of the maize gene space. For example, these GSSs have been shown 
to tag all members of small collections of known maize genes (14, 16). In addition, 
11 % of the contigs in an assembly consisting of approximately one-fifth of the GSSs 
used in the MAGI 3.1 assembly exhibit similarity (BLAT settings: 95% identity and 
20% of contig length) to the TIGR Plant Gene Index (3). Furthermore, 560,000 MF 
GSSs exhibit similarity to 65% of the non-repeat, non-hypothetical maize genes 
detected on published BACs (BLAT settings: 98% identity and 90% of read length) 
(3). 
To estimate gene coverage within our MAGI 3.1 assembly, we used a set of 
assembled 3' reads of maize ESTs from the inbred B73that presumably 
corresponds to unique genes (10). Of the 19,454 "unigenes" in this set, 14,606 
(76%) match at least one MAGI using BLAST with a stringent E-value cutoff of e"100. 
Although it is not possible to directly compare these results to the previously 
reported estimates because of differences in algorithms and significance criteria, it is 
clear that the MAGIs contain a high percentage of known maize genes. 
Genes can be detected not only by means of alignments to the sequences of known 
genes as was done above but also by ab initio gene prediction software. We 
previously used a set of >1,300 maize gene sequences to compare the performance 
of three ab initio gene prediction programs (FGENESH, GENEMARK.HMM, and 
GENSCAN), each of which had been trained on maize. In this analysis, FGENESH 
performed the best, although GENEMARK.HMM also performed well (10). These 
results are consistent with the observation that FGENESH was the most successful 
program for gene prediction in rice (20). With the 114,173 MAGIs as input, 
FGENESH returned 46,688 gene predictions, of which only 13% contained repetitive 
sequences (Table 2). Approximately 34% (16,093) of the predicted cDNAs had no 
hits against assembled maize ESTs or maize cDNAs (see Materials and Methods). 
As an additional measure of gene content, another 9,323 MAGIs did not contain a 
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prediction but did exhibit similarity to known ESTs and/or proteins. Hence, >47% of 
all MAGIs in build 3.1 contain a gene or predicted gene. 
Display of Annotated MAGIs. Annotated MAGIs can be viewed at the Iowa State 
University MAGI web site. An example is shown in Fig. 3, which is published as 
supporting information on the PNAS web site. Layouts of individual GSSs from 
parsed CAP3 output are color-coded for convenience. Sequence-based annotations 
against protein databases were performed with BLASTX against the Protein 
Information Resource International Protein Database (version 79.00). Gene 
structures predicted by FGENESH and GENESEQER are also displayed (Materials 
and Methods). Primers used in this study were also entered into the MAGI 3.1 
GBROWSE database. The entire membership of this assembly can be downloaded 
along with the contigs perse. 
RT-PCR Validation of Predicted Transcripts. As discussed above, FGENESH 
analysis of MAGIs resulted in the prediction of 16,100 genes that do not match 
known maize transcripts. We designed pairs of intron-spanning primers to test 
whether 1,590 of these ab initio predicted novel genes are transcribed. Another 
batch of 438 pairs of primers from ab initio predictions that do have significant 
BLAST hits to maize transcripts were also designed as a control. Because paralogs 
and nonspecific amplification can complicate the verification of putative genes by 
RT-PCR, we tested each pair of primers by conducting PCR on B73 genomic DNA. 
Approximately 86% (1,737 of 2,028) of these reactions yielded single genomic PCR 
bands of the size expected based on the positions at which the primers anneal to the 
corresponding MAGI (Table 7). The rates at which primers designed to amplify 
predicted genes with and without transcription evidence amplified single PCR 
products were similar: 84% (368 of 438) and 85% (1,369 of 1,590), respectively. The 
1,737 primer pairs were also subjected to RT-PCR using a diverse cDNA pool as 
template (Materials and Methods). Reactions that yielded single bands that were 
smallerthan or equal in size to the PCR product from genomic DNA template or that 
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yielded double bands, one of which was smaller than or equal in size to the PCR 
product from genomic DNA template, were considered RT-positive. Reactions that 
yielded any other outcomes were deemed RT-negative. Approximately 51% (189 of 
368) of the BLASTN-positive set and 46% (628 of 1,369) of the BLASTN-negative 
set of Table 3 were RT-positive (Table 3). 
To determine the specificity of these RT reactions, we sequenced >160 PCR 
products from RT-positive reactions (Table 8, which is published as supporting 
information on the PNAS web site). These analyses demonstrated that 94% of these 
RT products were derived from the predicted genes from which the primers had 
been designed (data not shown). Thus, it was possible to verify the expression of 
43% [94% x (628/1,369)] of predicted genes that lack evidence of transcription in 
maize (i.e., the BLASTN-negative set in Table 3). Consequently, the MAGIs have 
probably "tagged" >6,900 [43% x (46,688-30,595)] (Table 2) expressed genes that 
previously lacked evidence of transcription. Because only half of the control genes 
for which evidence of transcription already exists in maize (the BLASTN-positive set 
in Table 3) were RT-positive in this experiment, we conclude that our RT-PCRsdid 
not sample the entire maize transcriptome. Hence, our estimate of the number of 
predicted genes that are expressed is highly conservative. 
Annotation of RT-Validated Genes. Of the 628 RT-positive predicted genes that 
previously lacked evidence for expression in the maize transcriptome, 256 (41%) 
exhibit significant TBLASTN hits to maize transcripts (Table 4) and are therefore 
probably paralogs of maize genes for which evidence of transcription exists. Another 
337 (300 + 37; 54%) of the remaining genes exhibit significant similarity to plant 
transcripts and non-maize genes or proteins in the GenBank NR DNA/protein 
databases (Materials and Methods). Significantly, after carefully removing 
sequences that exhibit similarity to transposons that are often responsible for 
overestimationsof gene numbers in complex plant genomes (21), >5% (32 of 628) of 
the RT-positive predicted genes are novel based on very conservative criteria (Table 
4; see also Table 9, which is published as supporting information on the PNAS web 
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site). In all, 12% (164 of 1,369) of the predicted genes are novel and the expression 
of 20% (32 of 164) of the novel genes could be verified by RT-PCR experiments. 
Hence, the MAGIs are conservatively expected to contain 350 expressed novel 
genes or orphans [94% x (32/1,369) x (46,688-30,595)]. 
Estimation of the Number of Maize Genes. Based on available EST data 30,600 
of the 46,700 predicted gene models in our assembly are expressed; moreover, we 
have shown that RT-PCR can conservatively validate the expression of 40% (94% x 
46%) of the remaining 16,100 gene models (Tables 2 and 3). Taken together, these 
results imply that our partial maize genome assembly contains at least 37,100 genes 
[30,600 + (40% x 16,100)]. It is, however, possible that some of the 26,453 
incomplete gene models in Table 2 do not represent unique genes. A more 
conservative estimate of the number of maize genes is therefore provided by 
considering only gene models that contain a last exon (and which could therefore be 
detected in our set of 3' EST unigenes) and for which there is evidence of 
expression (21,099 = 13,014 + 8,085) plus the at least 40% of gene models that lack 
expression evidence but would be confirmed via RT-PCR experiments based on our 
experience(4,071 =40% x 10,073). Dividing this sum (25,170 = 21,099 +4,071) by 
the 76% of 3' unigenes that can be identified among the MAGIs (E-value< e"100) 
yields a lower bound of 33,000 genes. If we assume each non-repetitive gene model 
from Table 2 is unique and expressed (40,812 = 46,688-5,876) and divide by 76%, 
the upper bound for the number of non-repetitive genes in the maize genome is 
54,000. 
Conclusions 
The gene enrichment strategies that have been validated by using the maize 
genome are likely to be applied to the genomes of other large-genome plants. 
Indeed, preliminary enrichment projects have already been reported for the wheat 
(22) and sorghum (23) genomes, and a gene enrichment project has been funded 
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for pine. The assembly of the non-uniform genomic fragments that are generated by 
gene enrichment strategies poses special challenges, which we have addressed 
previously (5). 
The current study provides two metrics (one strictly computational and the other 
based on large-scale PCR experiments) by which the quality of genome assemblies 
can be evaluated. Applying these metrics to our partial maize genome assembly 
demonstrates that gene-enriched sequences can be assembled into high quality 
contigs that facilitate biological discovery. For example, the application of large-scale 
RT-PCR using primers designed based on MAGIs made it possible to obtain 
expression data for hundreds of predicted genes. 
Interestingly, these experiments also uncovered evidence for the existence of 350 
expressed maize genes that do not have homologs in other species. We 
hypothesize that these orphans are quickly evolving genes that played important 
roles during maize evolution and/or domestication. As such, these orphans present 
attractive targets for reverse genetics experiments. 
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Figure Legends 
Fig. 1. Illustrations of computational and wet-laboratory strategies used for MAGI 
validation. (A) The consistency of MAGIs was assayed via alignment to maize B73 
BACs. A set of potential MAG l/BAC alignments was identified by using BLAST (see 
Materials and Methods). The dashed lines mark portions of the MAGI that fail to 
match the BAC sequence. MAGIs were deemed to be inconsistent if they had a total 
overhang length (combined length of dashed lines) of >20 bp. The overhangs 
associated with four of the six consistent MAG l/BAC pairs that have sizes of 
between 6 and 20 bases can be recognized as incompletely trimmed vector 
sequences on a terminal GSS of a MAGI (Table 5). Four of the consistent 
MAGI/BAC pairs have overhangs of <6 bases, which may also be derived from 
incompletely trimmed vector. Terminal MAGI/BAC alignments of the type shown on 
the right do not provide evidence of inconsistency. Six such cases were identified. 
(B) Comparison of genomic PCR success rates: Within a MAGI, each primer pair 
annealed to the same GSS (set 1 ), two GSSs from the same clone (set 2), or two 
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GSSs from different clones (set 3). Set 1 primer pairs served as a control to assess 
the success of primer design and PCR. Sets 2 and 3 primer pairs were used to 
validate the structure of MAGIs. 
Fig. 2. Collapse of NIPs in MAGI89783. Mismatches among GSSs are highlighted. 
67 
Table 1. Comparisons between the latest MAGI 3.1 build and the previously 
reported 2.3 build (5) 
MAGI 2.3 MAGI 3.1 
Starting data, no. of GSSs 730,974 879,523 
Input masked, % 19.6 14.7 
No. of contigs 91,690 114,173 
No. of clustered clones 259,920 389,799 
Average GSSs per contig, n 4.12 5.85 
Average clones per contig, n 2.83 3.66 
Contig % GC 44.5 45.6 
Average contig length, bp 1,355 1,550 
Maximum contig length, bp 8,489 12,498 
No. of singletons 353,558 212,127 
Table 2. FGENESH-derived gene prediction in all 114,173 MAGIs 
Type of predictions No. of predictions 
Total (%)• With transcription evidence in maize6(%)c Containing repeats" (%)c 
Complete gene models 
With intron 13,597 (29.1%) 9,096 (66.9%) 1,423(10.5%) 
Without intron 6,638 (14.2%) 3,918 (59.0%) 770(11.6%) 
Subtotal 20,235(43.3%) 13,014(64.3%) 2.193(10.8%) 
Incomplete gene models 
Lacking first exon 10,937 (23.4%) 8.085 (73.4%) 1,477 (13.5%) 
Lacking last exon 10,861 (23.3%) 6,268 (57.7%) 1,491 (13.7%) 
Lacking both first and last exon 4,655 (10.0%) 3,228 (68.3%) 715(15.4%) 
Subtotal 26.453 (56.7%) 17,581 (66.5%) 3,683 (13.9%) 
Total No. Predictions 46,688 (100%) 30,595 (65.5%) 5,876 (12.6%) 
a The percentage of indicated types of predicted gene models/ total number of gene predictions. 
b Predicted transcript matches either a MEG or maize cDNA sequence (BLASTN, E-value cutoff: e~'°). 
c The percentage of predictions that contain the indicated type of database match / number of the indicated type of gene model predictions. 
"Each predicted coding sequence was screened against the nucleotide MAGI repeat database using BLASTN (E-value cutoff: e ' j. Prediction 
with at least one database match was deemed to be repetitive. 
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Table 3. RT-PCR results for all primer pairs that yielded a single genomic PCR 
band 
RT-PCR reactions Band BLAST resultsa Total 
pattern + 
-
1 band 
< 125 (34.0%) 
32 (8.7%) 
370 (27.0%) 
165 (12.1%) 
495 (28.5%) 
197 (11.3%) 
RT-PCR positive 
2 bands 
<< 
< 
14(3.8%) 
18(4.9%) 
35 (2.5%) 
58 (4.2%) 
49 (2.8%) 
76 (4.4%) 
Subtotal 189 (51.4%) 628 (45.9%) 817(47.0%) 
No band 134 (36.4%) 582 (42.5%) 716(41.2%) 
1 band > 0 10 10 
RT-PCR negative 2 bands > 5 24 29 
Others 40 (10.9%) 125 (9.1%) 165 (9.5%) 
Subtotal 179 (48.6%) 741 (54.1%) 920 (53.0%) 
Total No. 368 (100%) 1,369 (100%) 1,737 (100%) 
BLAST results indicate primer pairs derived from predicted genes that do (+) or do not (-) 
have significant BLASTIN (E-value cutoff, e"10) hits against all maize transcripts. <, The RT 
PCR band is smaller than genomic PCR band; =, the RT-PCR band is the same size as the 
genomic PCR band; « both RT-PCR bands are smaller than the genomic PCR band; <, 
one RT-PCR band is smaller than genomic PCR band and the other one is the same size 
as the genomic PCR band; >, the RT-PCR band is larger than the genomic PCR band. 
Sequence analyses established that five of five RT-PCR products of this type do not exhibit 
similarity to the predicted genes from which the PCR primers were designed; >, at least one 
of the two RT PCR bands is larger than the genomic PCR band. 
The gel analyses of RT products yielded more than two visible bands or a smear. 
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Table 4. Evidence of transcription of FGENESH predicted genes. 
Maize Plant NR Maize matches only Total 
transcripts transcripts databases 
Transposons Novel 
RT+ 256 300 37 3 32 628 
RT- 296 236 66 11 132 741 
Total 552 536 103 14 164 1,369 
Maize transcript values show TBLASTN hits against maize transcripts (see Supporting 
Materials and Methods) with an E-value cutoff of e-10. Values for the plant transcripts show 
BLASTN and TBLASTN hits against TIGR plant gene indices (see Supporting Materials and 
Methods), with an E-value cutoff of e~10. Values for the NR databases show BLASTX and 
TBLASTX hits against the GenBank NR nucleotide database and protein database, 
respectively, with e-4 as the E-value cutoff. The NR databases column does not include 
predicted genes that match only maize sequences. Most of the 103 predicted genes in this 
column match cereal retroelements. Entries in the maize and plant transcripts and NR 
databases columns did not exhibit matches to the databases shown to the left. For example, 
the 536 sequences with BLAST hits to plant transcripts did not exhibit matches to maize 
transcripts. Predicted genes that exhibited matches only to maize entries in the GenBank 
NR database and that did not align with transposons were deemed novel. RT+, RT-positive; 
RT-, RT-negative. 
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Supplementary Materials 
High-Throughput Design of PCR Primers. All primers were designed with 
PRIMER3 (1) and the following parameters: PRIMER_GC_CLAMP = 2, 
PRIMER_OPT_TM = 60, PRIMER_TM = 57, PRIMER_MAX_TM = 63, 
PRIMER_MAX_DIFF_TM = 3.0, and PRIMER_MAX_POLY_X = 3. C++ scripts were 
developed to aid the primer design pipeline. Genomic PCR product sizes were 
constrained to be between 250 and 800 bp. The following additional restrictions 
were applied to primers intended to be used in RT-PCR reactions: (/) the 
FGENESH-predicted RT-PCR product size was required to be at least 100 bp, (/'/') 
the members of a primer pair were required to flank at least one intron, and (iii) 
preference was given to primer annealing sites at the 3' ends of predicted genes. 
RNA Isolation. Seven-day-old maize seedlings were treated in the following ways: 
(/') grown in the presence or absence of light, (/'/') after wounding (1 and 3 h), (/'//') after 
treatment with 100 mM abscisic acid (4 and 7 h), (iv) after submergence (4 and 8 h), 
and (y) after treatment with 50 mM cycloheximide (1 and 3 h). RNA samples from 
entire 14-day-old B73 seedlings and a variety of organs from adult plants, including 
leaf, immature ear, silk, husk, tassel, brace root, anther, and pollen were also 
isolated and pooled. 
Gene Content Analyses. Generation of a set of maize expressed genes, including 
maize cDNAs, was accomplished by downloading 382,640 Zea mays ESTs from the 
dbEST division of GenBank in late January 2004 and screening them for 
contamination. These sequences were then clustered by using PaCE; overlaps with 
87% identity and 50 bp were deemed valid and used to merge clusters. Initial non-
redundant EST assemblies were first generated with CAP3 with the following 
parameters: 95% identity, 50-bp overlap, and 60-bp clipping range. Additional 
single-linkage merging of PaCE clusters was then performed by using common 
BLAST hits to these initial representative sequences against genomic (MAGI 3.1 ) 
and protein (Protein Information Resource International Protein Sequence 
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Database) databases (79.00). Final EST assemblies were generated with CAP3 by 
using the same parameters and the representative EST sequences, which resulted 
in 32,136 contigs and 48,116 singletons. An additional 1,517 cDNAs downloaded on 
June 25th, 2004, from Maize Genome Database (www.maizegdb.org) were added 
to this set. 
The Institute for Genomic Research (TIGR) Plant Gene Indices Used for MAGI 
Annotation. TIGR plant gene indices, including AGI release 11 (Arabidopsis), 
GMGI release 11 (soybean), HVGI release 8 (barley), LGI release 9 (tomato), MTGI 
release 7 (Medicago), OGI release 15 (rice), RYEGI release 3 (rye), SBGI release 8 
(sorghum), SOGI release 1 (sugar cane), STGI release 9 (potato), TAGI release 8 
(wheat), and WGI release 3 (grape), were downloaded in late July, 2004. 
75 
Supplementary Figure 3. The GBROWSE display of MAGM0115. The data 
includes the genome survey sequence (GSS) layouts from CAPS assembly results, 
GENESEQER alignments using ISU B73 assembled 3' ESTs, FGENESH gene 
predictions, and BLASTX protein matches. 
Showing 2.986 kbp from MAGI_10115, positions 1 to 2,986 
INSTRUCTIONS: please type in the name of a MAGI or GSS or primer. Search using a sequence name, gene name, locus, or other 
landmark. The wildcard character * is allowed. To center on a location, click the ruler. Use the Scroll/Zoom buttons to change magnification 
and position. 
Examples: MAGL4593, OG1AF9QTH, F31b040310M1EF. 
[Hide banner] [Hide instructions] [Bookmark this view] [Link to an image of this view] [Publication quality image] [Help] 
Landmark or Region Scroll/Zoom: 
xSearch ) {Reset; _ Flip ^ ^  Show 2.986 kbp FQ ? ^ 
Overview oTÏ«ra~seil3 
itr 
FGEKESH j FGENESHWGt-10115.1 
Chronosono locationL 
Shotgun-GSSs 
873 ESTs (generated and assembled by Schnable Lab) 
EST HEST267-F11.T3.38967 .a 
Data Source Dumps, Searches and other Operations: 
. All 114,173 MACls Hf] Dump (Multiple) Sequence File (About...) (Configure...) ( Go ) 
Tracks [Hide] ^g73 ^STs (generated and assembled by Schnabie Lab) FGENESH ^ Primers 
(External tracks ^ BLASTX (PIR-PSD used) ^ HC-GSSs @ Shotgun-GSSs 
italicized) 2 Chromosome location ^ MF-GSSs 
Table 5. The 173 maize assembled genome island (MAGI)/bacterial artificial 
chromosome (BAC) alignments and the gene evidence for each MAGI. (Please see 
Appendix 1 on Appendix CD-ROM.) 
Table 6. All eight MAGIs whose structures are inconsistent with published BAC sequences. 
MAGI ID MAGI BAC MAGI/BAC Overhang BLASTX results' Mismatches 
length Accession alignment (bases) (E-value) identified 
(bp) No. Length 
(bp) 
Identity 
(%) 
Left Right among GSSs 
MAGI. 8097 1740 AF546189 658 99.25 665 417 XP 464202 Rice putative LvsC (5e-31) 2 (T/C, T/G) 
MAGI _22812 1449 AF546189 1254 99.84 195 0 No hits 1 (C/A) 
MAGI. _39419 2160 AF466646 1092 99.63 1068 0 AAL75997 Maize putative SET-domain 
transcriptional regulator (1e-12) 
1 (C/A) 
MAGI_ ,89783 1825 AF466203 1356 99.41 469 0 AAK53551 Maize cis-zeatin O-
glucosyltransferase (0) 
5 (3 A/G. 2 G/C) 
MAGI 41789 2123 AF466202 2090 99.67 33 0 AAS82601 Maize putative aldose 
reductase-related protein (1e-12) 
0 
MAGI _53496 3173 AF466646 2708 99.96 0 465 No hits 0 
MAGI_ .84169 2298 AF466202 2215 99.95 83 0 AAL75476 Maize putative S-receptor 
kinase (1e-134) 
0 
MAGI_ .107229 2547 AY371488 1306 99.92 1241 0 NP 171649 Arabidopsis UDP-
glucoronosyl/UDP-glucosyl transferase 
family protein (1e-16) 
0 
3 BLASTX searches against the NR protein database were used to annotate the sequences of aligned regions (E-value cutoff: 1e-10) 
b Mismatches composed of G/A or C/T in HC GSS sequences were not considered as evidence for incorrect assembly due to known 
presence of such artifacts HC clones (15). 
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Table 7. Summary of 2,028 genomic PCRs conducted with primers designed based 
on MAGI sequences 
Primer 
Set 
No PCR 
product, 
1 band 2 bands >2 bands 
or smear, 
Total 
" ( % )  Correct 
size, n (%) 
Wrong 
size 
Correct 
size, n (%) 
Wrong 
size 
" ( % )  
Set 1 81 (6.0) 1,165 (85.8) 0 68 (5.0) 0 44 (3.2) 1,358 
Set 2 33 (5.9) 479 (85.0) 0 33 (5.9) 0 18(3.2) 563 
Set 3 7(6.5) 93 (86.9) 0 6 (5.6) 0 1 (0.9) 107 
Total 121 (6.0) 1,737 (85.7) 0 107 (5.3) 0 63 (3.1) 2,028 
For primer sets, see Fig. 16. Size estimations for PCRs were only performed on 
reactions that yielded one or two PCR products (bands) and that were resolvable by 
1.2% agarose gel electrophoresis. The error associated with estimating the sizes of 
PCR products was determined by estimating the sizes of a set of 120 PCR products 
of known sizes. In all instances, the difference between the estimated and true sizes 
was <50 bp and the average difference was 16+12 bp. 
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Table 8. Direct sequencing of RT-PCR products. 
Band No. 
pattern3 Attempted 
No. 
Sequences 
with good 
quality 
Transcribed from 
predicted genesb 
Contains an 
uninterrupted 
ORF 
Single RT-
band 101 
48 
88 
36 
86 (98%) 
34 (94%) 
88 (100%) 
15(42%)= 
Subtotal 149 124 120 (97%) 
Double Ri­
bands (=<)d 24 
24 
19 
21 
14 (74%) 
20 (95%) 
17(89%) 
3(15%)= 
Subtotal 48 40 34 (85%) 
Total 197 164 154 (94%) 
See footnotes in Table 3. 
bAn RT-PCR product was deemed to be transcribed from the corresponding MAGI if 
it has an alignment to that MAGI that exhibits >98% similarity and is >100 bp in 
length. 
cThe lower frequency suggest that many of these RT-PCR products that are equal in 
size to the corresponding genomic PCR products contain unspliced introns. 
^Twenty-four PCR reactions containing double bands (i.e. 48 bands) were randomly 
picked for sequencing 
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Table 9. The list of 32 RT+ novel FGENESH-predicted gene models described in 
Table 4. Their sequences can be downloaded from MAGI web site 
(http://maqi.plantaenomics.iastate.edu/maqi/) 
Predicted gene model name 
1 FGENESHMAGM 1971 
2 FGENESHMAGM 1872_1 
3 FGENESHMAGM 3448_1 
4 FGENESHMAGM 9770_1 
5 FGENESHMAGI_23720_1 
6 FGENESHMAGI_26398_1 
7 FGENESHMAGI_30158 1 
8 FGENESHMAGI_31432_1 
9 FGENESHMAGI_32277_1 
10 FGENESHMAGI_33632_1 
11 FGENESHMAGI_33653_1 
12 FGENESHMAGI_35122_1 
13 FGENESHMAGI_38457_1 
14 FGENESHMAGI_39942_1 
15 FGENESHMAGI_40841_1 
16 FGENESHMAGI 48955 1 
Predicted gene model name 
17 FGENESHMAGI_50315_1 
18 FGENESHMAGI_50551_1 
19 FGENESHMAGI_56080_1 
20 FGENESHMAGI_59310_1 
21 FGENESHMAGI_61397_1 
22 FGENESHMAGI_62721_1 
23 FGENESHMAGI_65370_1 
24 FGENESHMAGI_65489_1 
25 FGENESHMAGI_65580_1 
26 FGENESHMAGI_67573_1 
27 FGENESHMAGI 67187_1 
28 FGENESHMAGI_80021_1 
29 FGENESHMAGI_84627_1 
30 FGENESHMAGM 06336_1 
31 FGENESHMAGM 10436_1 
32 FGENESHMAGI 112445 1 
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Abstract 
A new genetic map of maize, ISU-IBM Map4, that integrates 2,030 previously 
developed markers with 1,427 new I DP markers that detect genie polymorphisms 
has been developed using 91 Intermated Recombinant Inbred Lines (IRILs) from the 
Intermated B73 x Mo17 (IBM) population. This gene-based genetic map will facilitate 
a wide variety of genetic and genomic research projects including map-based 
genome sequencing and gene cloning. The mosaic structures of the genomes of 91 
IRILs, an important resource for identifying and mapping QTLs and eQTLs, were 
defined using 857 skeleton IDP markers. Surprisingly, in the IRIL MO337 and M0054 
genomes, the genotypes of the skeleton markers on chromosomes 6 and 8, 
respectively, are exclusively derived from Mo17. Analyses of segregation data 
associated with 139 markers genotyped in three B73/Mo17-derived mapping 
populations (F2, Syn5 and IBM) demonstrate that allele frequencies were 
significantly altered during the development of the IBM IRILs. The observations that 
two segregation distortion regions on chromosomes 1 and 8 overlap with maize 
flowering time QTLs suggest that the altered allele frequencies were a consequence 
of inadvertent selection during the development of the IBM IRILs. Detection of two-
locus gametic disequilibrium provides another means to extract functional genomic 
data from well-characterized plant RILs. 
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Introduction 
Genetic maps facilitate both basic and applied research. To help build a high-
resolution maize genetic map, LEE et al. (2002) developed the intermated B73 x 
Mo17 (IBM) population by randomly intermating an F2 population derived from the 
single cross of the inbreds B73 and Mo17 for several generations prior to extraction 
of Intermated Recombinant Inbred Lines (IRILs). The resolution in the resulting 
mapping population was greatly enhanced because additional opportunities for 
recombination were provided during the multiple generations of intermating process 
(LEE et al. 2002; WINKLER et al. 2003). After genotyping these IRILs with 2,046 
markers, the Maize Mapping Project (MMP) constructed a genetic map (IBM2) that 
contains 2,026 markers (COE et ai 2002; CONE et al. 2002). Fewer than 60% (1161) 
of these markers are sequence defined. 
Additional genetic markers based on gene sequences would: 1) provide additional 
links to the sequenced rice genome and thereby facilitate comparative cereal 
genome studies, candidate gene cloning efforts and the assignment of functions to 
genes via mapping quantitative trait loci (QTLs); 2) better integrate the maize 
genetic and physical maps for use in the genome sequencing project; 3) enhance 
our understanding of genetic recombination, genome structure and evolution; and 4) 
provide additional markers for marker-assisted selection (MAS) during conventional 
breeding projects. 
The number of maize Expressed Sequence Tags (ESTs) has grown to more than 
half a million and the number of gene-enriched maize genome survey sequences 
(GSSs) that have been deposited in GenBank has grown to more than one million. 
We used these genie sequences to develop more that ~1,400 Indel Polymorphisms 
(IDPs) markers that detect polymorphisms in 3' UTRs and introns. These markers 
were then mapped using a panel of 91 IRILs from the IBM population. 
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Various types of DNA polymorphisms that occur in genie sequences can be used as 
genetic markers such as RFLPs, Single Strand Conformational Polymorphisms 
(SSCP), Simple Sequence Repeats (SSRs), Single Nucleotide Polymorphisms 
(SNPs) (Liu and CORDER 2004), and the newly applied IDPs (CHOI et al. 2004). The 
nature of the detection methods (RFLPs and SSCPs), low frequency of SSRs 
(1.5%) in ESTs (KANTETY et al. 2002) and requirement of sequence information 
(SNPs) limits the high-throughput application of these marker systems. 
In contrast, the actual sequences of the polymorphisms underlying IDPs need not be 
identified prior to mapping. To map IDPs PCR primer pairs designed based on genie 
sequences are used to survey the parents of a mapping population and those primer 
pairs that yield PCR products with size or presence/absence polymorphisms can be 
efficiently mapped. Several earlier studies detected small IDPs using sequencing 
gel electrophoresis (BHATTRAMAKKI et al. 2002; CATO et al. 2001 ; CHOI et al. 2004). 
The current study, like that of CHOI et al. (2004), focused on polymorphisms that 
could be detected via agarose gel electrophoresis. Hence, the resulting IDPs are 
appropriate for a variety of research settings and are suitable for routine and high-
throughput use in both basic research and applied breeding. 
In addition to their use in the development of genetic maps, RILs can also be used 
to detect genome-wide two-locus allele associations (WILLIAMS et al. 2001). We also 
report the genomic structures of IRILs from IBM population and illustrate how these 
data can be used to develop functional genomic hypotheses. 
Materials and Methods 
Genetic Stocks: Seeds of B73, Mo17 and IRILs extracted from the IBM Syn4 
population were provided by Mike Lee (LEE et al. 2002). The IRILs used in this 
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study were from the F7:9 generation. Ninety-one of the 94 core IRILs selected by 
the Missouri MMP were used for mapping. At the beginning of this project DNA was 
not available for IRIL M044 and the corresponding well in microtiter plates was used 
as a negative control for PCR. Our stocks of two of the 94 core IRILs, M0062 and 
M0383, were found to contain high rates of heterozygosity (data not shown) and 
were therefore excluded from subsequent analyses. We had available a total of 297 
IBM IRILs. Of these, 242 are in common with the 302 IRILs used by the Missouri 
Mapping Project. This subset of 242 IRILs was used for the chromosome 3 
mapping experiments. Seeds of the 22 inbred lines (B109, Pa91, Va35, B84, N194, 
H84, N801w, N209, B113, B77, NC314, Mo44, B104, NC264, N7A, Oh43, R177, 
N28Ht, N215, C123, SD46, and Va85) used for the polymorphism survey were 
provided by Ken Russell (University of Nebraska). For all maize lines, DNA samples 
were isolated from 2-week old seedling leaves using the protocol of DIETRICH et al. 
(DIETRICH et al. 2002). 
Primer design, PCR and genotyping IRILs: Primer3 (ROZEN and SKALETSKY 2000) 
was adapted to design primers in batch-mode and to generate amplicons of 250 ~ 
800 bp in size. Approximately 80% of the IDP marker primer pairs were derived from 
EST sequences and the remainder from genomic sequences (Fig. 1). 
Maize 3' ESTs sequenced by us (Fu et al. 2005) or downloaded from GenBank and 
that contained with polyT prefixes were used to design primers that would amplify 3' 
UTRs. Based on a survey of the average lengths of maize 3' UTRs (data not 
shown) primers were designed to amplify a region -300 bp upstream of the polyA 
site (Fig. 1). 
Intron-spanning primers (Fig. 1) were designed based on existing structure-known 
genes, GSSs downloaded from GenBank, and the sequences of Maize Assembled 
Genomic Islands (MAGIs) [MAGI Ver. 2.3 (EMRICH et al. 2004); Ver. 3.1 (Fu et al. 
2005)]. Gene models were determined based on GeneSeqer-facilitated (BRENDEL et 
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al. 2004) alignments between genomic and EST sequences or predicted using 
FGENESH (http://www.softberry.com) as described (YAO et al. 2005). 
Primer pairs designed by MMP to amplify 18 SSR markers (umc1252, umc1604, 
umc1404, umc1608, umc1943, umc1999, umc2035, umc2036, umcl 143, umc1350, 
umc1672, umc1708, umc1268, umc1592, umc1120, umc1505, umc1995, umc2069) 
were used as controls. Primer sequences for these SSR markers are available at 
MaizeGDB (http://www.maizegdb.org) 
Initial PCR reactions were incubated for 3 min at 94°C, followed by 30 cycles of 
94°C for 30 sec, 60°C for 45 sec and 72°C for 90 sec and a final 10 min at 72°C and 
analyzed via 1% agarose gel electrophoresis. Primer pairs that detected 
polymorphisms between B73 and Mo17 were subjected to temperature gradient 
PCR to identify improved annealing temperatures, which were then used to 
genotype the IBM IRILs. 
Estimating quality of genotyping scores and error correction: The maximum 
error rate in genotyping scores of the IRILs was estimated by designing two primer 
pairs for the same gene and comparing the resulting genotyping scores for each 
IRIL. This was performed for 52 loci. The overall rate of disagreement was <1 %. 
The quality of the IDP genotyping scores was further increased via analyses of 
apparent "double crossovers" (DCOs, i.e., BxMxB or MxBxM genotypes) in a 
preliminary build of the genetic map. Apparent DCOs can arise via actual DCOs, 
genetically linked crossovers that arose in different generations, or genotyping or 
coding errors. The raw mapping scores (photographs of gels) for all marker/IRIL 
combinations associated with apparent DCOs were re-examined and errors 
corrected prior to generating ISU-IBM Map4. 
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Sequencing indel polymorphisms: To investigate the nature of IDPs, 96 pairs of 
IDP primers that detected size polymorphisms between B73 and Mo17 genomic 
DNA were purified using QIAquick spin columns and then sequenced from both 
directions. These sequences were deposited in GenBank (Accession No. 
DQ207642-DQ207725). 
Construction of genetic maps: Mapping scores of the IDP markers for the 91 
IRILs are available at the project web site (http://magi.plantgenomics.iastate.edu) 
and MaizeGDB; mapping scores for the Missouri MMP markers were downloaded 
from MMP web site (http://www.maizemap.org). The genotyping scores of 91 IRILs 
were fed into the Multipoint mapping software package (http://www.multiqtl.com). 
The approach of multilocus ordering implemented in Multipoint employs evolutionary 
algorithms of discrete optimization which uses the minimization of the total map 
length as the mapping criterion (MESTER et al. 2003; MESTER et al. 2004). The initial 
clustering of all markers into linkage groups was based on a preset threshold 
recombination rate (^=0.15). The stability of the marker order obtained for each 
linkage group was tested using 100 re-sampling (jackknife) runs allowing those 
markers which caused local neighborhood instability in the map to be detected and 
removed (MESTER et al. 2003; MESTER et al. 2004). This procedure was iteratively 
used with final verification based on 1000 jackknife runs until a stable ordering of 
markers (termed "skeleton" markers) was obtained. By relaxing rt, initial linkage 
groups could be further merged into 10 linkage groups/chromosomes where 
markers were reordered by repeating the above-mentioned steps until the final 
skeleton map was obtained. Markers with unstable ordering in linkages were termed 
"muscle" markers. Although muscle markers do not have exact locations on the 
map displayed using CMap (http://www.qmod.org/CMap). they are placed beside to 
their closest skeleton markers (Fig. 2). The centromere position on each of the 10 
chromosome maps was estimated based on the IBM2 2004 Neighbors map from 
MaizeGDB. Centimorgan distances were calculated using Kosambi's function 
(KOSAMBI 1944) and the RIL-self as the population parameter and then corrected 
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using IRILmap software (FALQUE 2005), which is based on the formula specified for 
IRILs (WINKLER et al. 2003). 
Multiple analyses using genetic map and mapping scores 
The genetic map positions of the 857 landmarks and genotyping data for each IRIL 
were analyzed using 1) CheckMatrix software (http://www.atqc.org) to visualize the 
mosaic structures of the 91 IRIL genomes and 2) HAPLOVIEW software (BARRETT 
et al. 2005) to measure two-locus gametic disequilibrium (GD), i.e., significant 
deviations from the expected Hardy-Weinberg two-locus equilibrium (GUPTA et al. 
2005) using standardized disequilibrium coefficients (D') (HEDRICK 1987) and 
squared allele-frequency correlations (r2) (GUPTA et al. 2005). A PERL script was 
written to calculate the similarity of each pair of IRILs using mapping scores 
excluding missing data points. The q-values for segregation distortion data were 
calculated according to (STOREY and TIBSHIRANI 2003). 
Results 
Identification of PCR-based IDPs between B73 and Mo17 
Primers that amplify 3' UTRs and intron regions were designed to identify co-
dominant (i.e., size) and dominant (i.e., presence/absence) polymorphisms that 
could be detected via agarose gel-electrophoresis (Methods). The 3' UTR primers 
and intron-spanning primers exhibit similar rates of polymorphisms (9.2% vs. 9.4%, 
Fig. 1), but the intron-spanning primers yield a significantly higher rate (1.6-fold) of 
co-dominant (size) polymorphisms than primers derived from 3' UTRs (4.1% vs. 
2.6%; p<0.001). 
IDPs >100 bp are associated with miniature inverted-repeat transposable 
elements (MITEs) 
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To investigate the nature of the polymorphisms detected by the IDP primers, 96 
pairs of randomly sampled PCR products that exhibited size polymorphisms 
between B73 and Mo17 were sequenced. The lengths and sequences of 42 PCR 
products were determined unambiguously from both inbreds. More than half (15/27) 
of the IDPs that are less than 100 bp consist of SSRs (Table 1). Most (80%) of the 
15 IDP primers that exhibit polymorphism of at least 100 bp detect the 
presence/absence of well-annotated or predicted MITEs from the TIGR maize 
repeat database 4.0 (http://maize.tigr.org). The rates at which MITEs were detected 
in 3' UTRs (7/9) and introns (5/6) were similar. 
A genetic map of maize transcripts 
A total of 1,428 IDP primer pairs were used to genotype 91 IRILs. The resulting IDP 
genotyping scores contain few errors (<1%) based on conservative quality checks 
(Methods). These mapping scores were fed into the Multipoint software for map 
construction (Methods) along with mapping scores from 2,046 existing MMP 
markers. Nearly 100% (1,427/1,428) of the IDP markers and 99% of MMP markers 
(2,030/2,046; a number very similar to the 2026 markers included on IBM2) were 
successfully placed on the resulting genetic map. This new map, "ISU-IBM Map4", 
which consists of a total of 1,788 cM (Table 2 for summary statistics, Fig. 2 for a 
summary of the map and Appendix 2 for the map positions of all markers) is 
available at http://magi.plantgenomics.iastate.edu. This web site also provides other 
relevant data including the sequences from which the IDP primers were designed, 
the sequences of the IDP primers, the PCR conditions used for mapping, and a 
photograph of the gel used to select optimal PCR conditions (see Fig. 3 for an 
example). Since all of the new IDP markers were derived from either ESTs or 
predicted genes, this map provides the map positions of ~1,400 genes. Markers that 
exhibited stable ordering in the bootstrapping experiments (Methods) were termed 
skeleton markers. Of the 3,457 markers on ISU-IBM Map4, 1,319 (38%) are 
skeleton markers of which -49% (652) are MMP markers and -51% (667) are IDP 
markers. The 1,319 skeleton markers define 857 unique positions (landmarks) used 
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for map length accumulation and calculation (Table 2). Of the landmarks, 393 (46%) 
are exclusively MMP markers, 355 (41%) are exclusively IDP markers, and 109 
(13%) consist of co-localized IDP and MMP markers. These results indicate that 
MMP and our gene-based IDP markers are distributed in a complementary fashion 
along maize chromosomes and that the IDP markers add hundreds of novel 
landmarks to the maize genetic map. 
Because the IRILs are not completely inbred and maize genomes are highly 
dynamic, different seed sources of the "same" IRIL can differ. To compare the 
structures of our IRILs to those used by the Missouri MMP we genotyped our IRILs 
with 18 SSRs developed by the Missouri MMP. The genotyping scores from our 
IRILs were 96.5% identical to those obtained by the Missouri MMP (Supplementary 
Table 1). Even so, this suggests that the IRILs used by the two projects exhibit at 
least minor differences in genotypes. 
Markers that exhibited unstable ordering in the bootstrapping experiments 
(Methods) were termed muscle markers. Of the 3,457 markers on the map, 2,138 
(62%) are muscle markers. To test whether the instability of markers in the 
bootstrapping experiments might be a consequences of combining mapping scores 
from highly similar but not identical IRILs, we generated an MMP-only map (MMP-
IBM Map4), and an IDP-only map (IDP-IBM Map4) and loaded both maps into CMap 
along with the combined map (ISU-IBM Map4). Although comparisons of these two 
maps with the combined map (ISU-IBM Map4) reveal no major conflicts of marker 
ordering, 379 (28%) of MMP muscle markers and 302 (40%) of IDP muscle markers 
from the combined map become skeleton markers in the MMP-IBM Map4 or IDP-
IBM Map4, respectively. This suggests that the genotypic differences between the 
IRILs used by two groups may at least potentially explain some of the positional 
instability associated with muscle markers. 
The average length of all 847 intervals between two adjacent landmarks (857 
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landmarks -10 chromosomes) is =2 cM (1,788/847). Approximately 95% (803/847) 
of the intervals are <5 cM (supplementary Fig. 1). As shown in Table 2, the largest 
intervals for individual chromosomes range from 6 cM (Chromosomes 3 and 6) to 13 
cM (Chromosome 5). 
As shown in Figure 2, 56 muscle markers cluster around the centromere of 
Chromosome 7 on the ISU-IBM Map4. The finding that many IDP and MMP markers 
cluster around the centromeric regions of chromosomes 2, 3, 4, 5, 6, 7, 9, 10, similar 
to the observation by (FALQUE et al. 2005), is consistent with the hypothesis that 
maize exhibits a suppression of recombination in centromeric regions as is true in 
rice (Wu et al. 2003). In contrast, chromosomes 1 and 8 do not have many markers 
clustered around the presumed positions of the centromeres. This could be due to 
low rates of polymorphisms in the regions surrounding the centromeres or 
inaccurate positioning of the centromeres on these chromosomes. 
The impacts of using a larger panel of IRILs 
The ISU-IBM Map4 was prepared using a panel of 91 IRILs. To determine the 
effects of using a larger panel of IRILs, 242 IRILs (Methods) were genotyped using 
all IDP markers located on chromosome 3. A new genetic map (Chr.3-IDP+MMP) 
was constructed using these data and existing genotyping data for MMP markers for 
these 242 IRILs. In the ISU-IBM Map4 chromosome 3 contains 162 skeleton and 
246 muscle markers (Table 2). In contrast, the Chr.3-IDP+MMP map contains 
somewhat more (186) skeleton and somewhat fewer (198) muscle markers. We 
also examined the order of skeleton markers on the two maps. Only a single 
skeleton marker (umc2118) changed order between the two maps and this marker 
exhibited a simple reversal with a nearby (0.7 cM for ISU-IBM Map4 ) skeleton 
marker, IDP125 (supplementary Fig. 2). Hence, as expected using a larger panel of 
IRILs did not have a significant effect on the ordering of skeleton markers, but did 
increase the proportion of markers that exhibited stable ordering during the 
bookstrapping experiments and that were therefore designated as skeleton markers. 
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Structures of IRIL genomes 
A total of 5,210 recombination crossovers were identified using the mapping scores 
of 857 landmarks. Therefore, individual IRIL contains an average of 57 crossovers. 
These data provide detailed structures of the chromosomes carried by each of the 
IRILs (Fig. 4 for Chr. 6 and 8 as examples). Surprisingly, in IRIL M0337 and M0054 
genomes, all the landmarks on chromosomes 6 and 8 are derived from Mo17. When 
using mapping scores of all markers that lack missing data points, for Chr. 6 in IRIL 
M0337, 100% (165/165) of MMP markers and 99% (135/137) of IDP markers are 
derived from Mo17; for Chr. 8 in IRIL 0054, 97% (146/150) of MMP markers and 
100% (93/93) of IDP markers are derived from Mo17. It is not known why so few 
crossovers were identified on these chromosomes in these two IRILs. 
Crossovers can be classified into Group I (only one crossover flanking a marker, i.e., 
BBxMM or MMxBB) and II (two crossovers flanking a marker, i.e., BxMxB or 
MxBxM; Table 3). Within each group the ratios of the two types (BBxMM vs. MMxBB 
or BxMxB vs. MxBxM) are not significantly different than 1:1. But the numbers of 
Group I and II crossovers are significantly different from 1:1 ratio (479 vs. 4731 ; 
p-0), which assumes no recombination interference in meioses during F1 selfing, 
random mating and IRIL extraction process. The numbers of crossovers on 
individual chromosomes range from 360 (Chromosome 10) to 825 (Chromosome 1). 
The numbers of crossovers were normalized using the cytological lengths of 
chromosomes (Table 3) and Chromosome 6 has the smallest number of crossovers 
per cytological distance. This is consistent with the observation that Chromosome 6 
has the fewest number of synaptonemal complexes and recombination nodules on 
average (ANDERSON et al. 2003) which may be due to the presence of the nucleolus 
organizer (NOR) on the short arm of this chromosome (PHILLIPS et al. 1971). 
The independency of IRILs 
To check the independence of IRILs, all 4,095 (=91 x 90/2) pair-wise IRIL 
comparisons were calculated. The histogram of similarity scores of all comparisons 
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(supplementary Fig. 3) exhibits a normal distribution with an average of 
0.485+0.048. IRIL M0023 and M0040 genomes have the highest genetic identity 
(0.638) while IRIL M0297 genome is the most divergent from M0315 genome 
(0.226). This demonstrates that there is little redundancy among these 91 IRILs, 
which probably reflects both the quality of the IRILs, as well as the removal of 
redundant IRILs during the selection of the 94-IBM mapping panel by the Missouri 
MMP (Michael D. McMullen, personal communication). 
Segregation distortion 
In the absence of gametophyte competition, selection during random mating and 
inbreeding, the ratio of alleles from each inbred parent (B73:Mo17) for a given 
marker (locus) across the 91 IRILs would not be expected to deviate significantly 
from 1:1. A x2 goodness-of-fit test was used to test this hypothesis for each locus. 
Because multiple tests (857 markers) were performed, in addition to a p-value, a q-
value (STOREY and TIBSHIRANI 2003) was used to control the false discovery rate 
(FDR). Approximately 32% (277/857) of the skeleton markers exhibit significant 
allele segregation distortion (q<0.05) among all IRILs (Table 4). Nearly all distorted 
markers on chromosomes 4, 7 and 10 are skewed towards B73, while all distorted 
markers on chromosome 8 are skewed towards Mo17. In addition, on chromosomes 
1, 2, 5 more distorted markers are skewed towards B73 than Mo17. In contrast, on 
chromosomes 3 and 9 more distorted markers are skewed towards Mo17 than B73 
(Table 4). 
Allele frequencies changed during the random mating or inbreeding 
To distinguish whether these distortedly segregated markers resulted from 
gametophyte competition or selection during random mating prior to IRIL extraction 
or during inbreeding, the allele segregation data of 139 markers used to genotype 
the B73xMo17 F2 and Syn5 population (LEE et al. 2002) and the 91-IBM population 
were compared (Table 5). Only two of 11 markers (18%) that exhibited highly 
significant deviations (p<0.01) in the F2 population still exhibited significant 
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deviations in the Syn5 population, while 25 of 128 markers (20%) that do not exhibit 
significant deviations in the F2 population exhibit significant deviations in the Syn5 
population (Table 5A). Moreover, -30% of markers (8/27) that exhibited highly 
significant deviations in the Syn5 population still exhibit significant deviations in the 
IBM population and -15% of markers (17/112) that did not exhibit significant 
deviations in the Syn5 population exhibit significant deviations in the IBM population 
(Table 5B). These findings demonstrate that the allele frequencies changed 
significantly during the random mating or inbreeding that led to the development of 
the IRILs. 
Two segregation distortion regions (SDRs) overlap with maize flowering time 
QTLs 
An SDR was declared where more than two flanking skeleton markers exhibited 
statistically significant segregation distortion (Lu et al. 2002). According to this 
definition, 16 SDRs skewing towards B73 and 10 SDRs skewing towards Mo17 
were identified (q<0.05; Table 4). At least two of these SDRs (Fig. 5) overlap with 
two of five maize flowering time QTLs detected via a meta-analysis (CHARDON et al. 
2004). One SDR located between IDP1407 and IDP4052 (117.3 cM - 128.3 cM) on 
chromosome 1 overlaps with a QTL (between umc67a and umc1590) that has been 
reported to be associated with flowering-time traits such as silking date, days to 
pollen shed as well as with other trains such as plant height and leaf number 
(CHARDON et al. 2004). Similarly, the other SDR located between phil00175 and 
IDP2146 (60.6 cM - 93 cM) on chromosome 8 overlaps with the well-known vgtl 
major QTL near umc1316, that is involved in floral transition (CHARDON et al. 2004; 
SALVI et al. 2002; VLADUTU et al. 1999). Because the markers in these two SDRs 
exhibit segregation distortion in the Syn5 population but not the F2 population, these 
observations are consistent with the hypothesis that alleles controlling flowering time 
may have become skewed during the 'random mating' phase during the generation 
of the IBM IRILs. 
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Two-locus gametic disequilibrium (GD) 
Genotyping data and the high-density genetic map can be used to measure 
genome-wide two-locus GDs in the IBM population represented by the 91 IRILs 
(Method). First, two-locus GDs for all marker pairs with distances <=50cM (intra-
chromosome) were measured (supplementary Fig. 4). Assuming the genome-wide 
average ratio between genetic and physical distances is -0.8 cM/Mb (-2,000 
cM/2,500 Mb), the IBM population exhibited the fastest GD decay rate of t2< 0.1 
within -10 Mb (8 cM) that is approximately 6,700 times slower than LD decay rate 
derived using a maize population represented by 102 inbred lines (REMINGTON et al. 
2001). When the genetic distance between two markers is more than 30 cM, all 
values of i2 are less than 0.2 and all but one of D's are less than 0.6 (Fig. 3 in 
Supporting data). Second, inter-chromosomal two-locus GDs were measured. Four 
pairs of markers with the criteria (D'>=0.6 and />=0.2) based on the first analysis 
were identified (Table 6) and all corresponding LOD values are all >7 (i.e. p-
value<1.4e~8). Only the marker pair, IDP2385 on Chr. 1 and IDP4006 on Chr. 2, has 
protein annotations for both markers' sequences. Via BLASTX search against 
GenBank NR protein database (E-value <e"10), the source EST for IDP2385 
(GenBank Accession No. BM335300) matches a putative non-clathrin coat protein y 
(y-COP) and the source EST for IDP4006 (GenBank Accession No. DN226247) 
matches a putative y-Soluble N-ethylmaleimide-sensitive factor (NSF) Attachment 
Protein (y-SNAP). 
Discussion 
An enhanced genetic map of maize 
A total of 1,427 new gene-based IDP markers and 2,030 previously developed 
markers were placed on a new maize genetic map (ISU-IBM Map4). 
The PCR-based IDP markers that detect InDel Polymorphisms in maize genes are 
suitable for high-throughput analyses. Unlike SNPs, the detection of IDPs requires 
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access only to inexpensive, and widely available, PCR and agarose-gel 
electrophoresis technologies. Hence, IDPs are suitable for routine use in most 
maize genetics laboratories. It is possible to use these markers to conduct marker 
assisted selection (MAS) programs, construct the specific genotypes required for 
quantitative genetic studies, facilitate double mutant analyses and 
suppressor/enhancer screens and map QTLs. 
In species with fully sequenced genomes it is often possible to identify candidate 
genes associated with mapped mutants and QTLs. Although a full maize genome 
sequence is not yet available, the maize genes genetically mapped during this study 
provide sequence-based cross-links that will facilitate the alignment of the rice 
physical map with the maize genetic map and thereby increase the efficiency of 
candidate gene cloning projects in maize. Subsequent to the release of our map in 
March 2005, another group has mapped an additional 954 cDNA probes using 94 
IRILs (FALQUE et al. 2005). 
Co-dominant markers 
Based on an analysis of eight inbreds, it has been reported that in maize, IDPs are 
frequently associated with 3' UTRs. More than 80% of the IDPs between B73 and 
Mo17 were <3 bases (BHATTRAMAKKI et al. 2002). In this study we used PCR primers 
to identify and detect larger IDPs and plus/minus polymorphisms that can be easily 
detected via agarose gel electrophoresis. These polymorphisms exhibit similar 
rates in 3' UTRs and introns (9.2% vs. 9.4%, Fig. 1), but introns yield a significantly 
higher (1.6 fold) rate of co-dominant (i.e., size) polymorphisms, which are typically 
more useful than dominant markers. Sequence analyses of a sample of the co-
dominant size IDPs revealed that those >=100 bp are often associated with MITEs 
(12/15), which is consistent with the observation that the MITE family Heartbreaker 
inserts preferentially into genie regions (ZHANG et al. 2000). Hence, we suggest that 
as an alternative to the dominant markers developed using MITE display (CASA et al. 
2000; CASA et al. 2004) primers that flank MITEs in genomic sequences could be 
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used to develop co-dominant PCR-based markers that could be detected via regular 
agarose gel. 
Applications of polymorphism data 
Although the IDP markers discovered and mapped in IRILs were derived from the 
inbred lines B73 and Mo17, a high percentage of them are also informative in other 
genotypes. In addition to B73 and Mo17 lines, 22 other inbred lines (Methods) were 
genotyped using the mapped IDP primers. The resulting data (http://maize-
mapping.plantgenomics.iastate.edu/actdata.html) can be used to plan genetic 
mapping experiments. For example, using these data it is possible to pre-select 
informative markers to genotype a population developed from any two of these 24 
inbreds (or closely related inbreds). Even if only one of the parents in a mapping 
population was drawn from the 24 genotyped inbreds, one can select IDP markers 
that are most likely to be informative by focusing genotyping efforts on IDPs for 
which that parent carries an allele that is "rare" within the set of 24 inbreds. Finally, if 
one wishes to map a mutant in a defined genetic background (e.g., isolated via EMS 
mutagenesis of the B73 inbred) one can use these polymorphism data to select an 
appropriate parent to develop a mapping population. 
Inter-chromosome two-locus GD in IRILs 
Inter-chromosome two-locus GD can result from either epistatic selection or random 
allele fixation during IRIL development (GUPTA et al. 2005; WILLIAMS et al. 2001 ). 
The GD (D-0.63 and ^=0.21) between IDP2385 and IDP4006 is intriguing because 
both corresponding proteins, y-COP and y-SNAP, are involved in endoplasmic 
reticulum (ER)-to-Golgi protein sorting and transport pathway (HARTER et al. 1996; 
TANI et al. 2003). However, the possibility that any gene closely linked to these two 
markers could be responsible for this GD can not be ruled out. Although available 
data are not sufficient to evaluate any epistatic interaction between any gene pair, 
the future sequencing B73 and Mo17 genomes will help test genome-wide epistasis 
analyses. 
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Maize genetical genomics 
Genetical genomics couples quantitative trait locus (QTL) mapping with microarray 
analysis to identify associations between the allelic state of a genomic region with a 
gene's transcript abundance (JANSEN and NAP 2001). SCHADT et al (2003) referred 
to such genomic regions as expression QTLs (eQTLs). The identification of eQTLs 
can reveal key components of the genetic architecture underlying complex traits. 
The first genetical genomics study of maize used a linkage map based on an F2 
population (SCHADT et al. 2003). Genotyping data reported in this study will facilitate 
the use of the IBM IRILs to conduct future genetical genomics studies. This is 
important because for a given population size it is possible to achieve greater 
statistical power for eQTL mapping studies using IRILs as opposed to F2 
populations (DE KONING and HALEY 2005). 
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Figure Legends 
Figure 1. Rates of polymorphism detected by PGR primers designed to amplify 3' 
UTRs versus those designed to amplify one or more introns. 
Figure 2. ISU-IBM Map4. Horizontal bars on chromosomes indicate skeleton 
markers and triangles indicate muscle markers. ISU IDP markers are shown in 
green and MMP markers in blue. Estimated positions of centromeres are boxed in 
red. 
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Figure 3. Three linked web sources for map data presentation using IDP1983 as an 
example. A: Information about IDP3799 including the sequence from which the IDP 
primers were designed (EST gi#16927056), sequences of the IDP primers, and a 
photograph of the gel used to optimize PGR conditions (http://maize-
mapDinq.Dlantgenomics.iastate.edu): B: Users can view an annotated graphical 
display of a genomic sequence (MAGM9535) associated with EST gi#16927056 
(http://maqi.Dlantqenomics.iastate.edu/cqi-bin/qbrowse/ALL-MAGIs): C: The map 
position of IDP1983 displayed using CMap 
(http://maqi.Dlantqenomics.iastate.edu/cqi-bin/cmap/viewer). 
Figure 4. Visualization of chromosomes 6 and 8 for all 91 IBM IRILs. All landmarks 
on chromosomes 6 and 8 carry Mo17 alleles in IRILs M0337 and M0054 genomes, 
respectively. 
Figure 5. Segregation distortion regions (SDRs) identified on chromosomes 1 and 
8. For each marker, pink lines indicate the ratio of B73/Mo17 alleles and blue lines 
indicate the -Logi0(p-values of Chi-square test for a 1:1 allele ratio). Horizontal bars 
indicate B73-predominant (red) and Mo17-predominant (blue) SDRs, respectively. 
The positions genetic markers used to identify flowering time QTLs are shown along 
with the QTL confidence intervals (CHARDON et al. 2004). 
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Table 1. Nature of indel polymorphisms associated with IDP markers (N=42) 
IDP size (bp) Total 
<100 >=100 
MITE SSR Other MITE SSR Other 
3' UTR 0 9 7 7 0 2 25 
Intron 0 6 5 5 0 1 17 
Total 0 15 12 12 0 3 42 
Table 2. Statistics summary for ISU-IBM Map4 
Chr. Length No. Markers3 Largest Estimated 
(cM) IDP markers MMP markers Total gapb centromere 
S M Subtotal S M Subtotal (CM) positions0 
1 276 114 120 234 93 249 342 576 9 umc1919~umc1924 
2 196 80 77 157 71 134 205 362 8 umc131~mmp119 
3 210 81 80 161 81 166 247 408 6 bnlg1601~mmc0022 
4 185 56 94 150 63 144 207 357 8 umc2283~psr128 
5 191 81 73 154 77 128 205 359 13 bnlg1208~rz476b 
6 129 53 87 140 56 113 169 309 6 cdol 173c~umc2311 
7 174 46 64 110 58 111 169 279 11 umc1932~umc1983 
8 155 46 50 96 42 110 152 248 9 mmp85~bnlg1194 
9 142 56 54 110 65 111 176 286 10 mmp170b~umc2338 
10 130 54 61 115 46 112 158 273 9 php06005~bnlg210 
Total 1788 667 760 1,427 652 1,378 2,030 3,457 89 
aS: skeleton markers, M: muscle markers 
bThe interval between two adjacent landmarks is termed a "gap". 
c Centromere positions were estimated based on the IBM2 2004 Neighbors map 
from MaizeGDB. 
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Table 3. Crossovers observed in 91 IBM IRILs 
No. Crossoversa No. 
Chr. Group I Group II Ie 
Total 
Crossovers 
BBxMM MMxBB Subtotal BxMxB MxBxM Subtotal per pmb 
1 375 383 758 38 29 67 825 17 
2 247 260 507 37 28 65 572 14 
3 272 284 556 25 31 56 612 16 
4 251 245 496 28 25 53 549 15 
5 244 265 509 29 21 50 559 16 
6 168 161 329 18 16 34 363 12 
7 214 223 437 30 20 50 487 17 
8 222 208 430 14 20 34 464 16 
9 208 184 392 9 18 27 419 16 
10 162 155 317 21 22 43 360 16 
Total 2,363 2,368 4,731 249 230 479 5,210 
a 
"x" indicates crossover position . B and M stand for B73 and Mo17 alleles, 
respectively. 
b(No. crossovers per chromosome/length of pachytene chromosome). Pachytene 
chromosome lengths from the inbred KYS (Anderson et al. 2004) 
c Because there are opportunities for crossovers in multiple generations during the 
development of IRILs Group II events need not have arisen via double crossovers. 
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Table 4. Number of skeleton markers with significant allele type bias (q<0.05) 
No. Markers No. SDRs 
Chr. B73 Mo17 Total B73 Mo17 Total 
predominant predominant predominant predominant 
1 38 25 63 3 1 4 
2 27 7 34 3 1 4 
3 4 32 36 0 3 3 
4 9 0 9 1 0 1 
5 19 5 24 2 0 2 
6 8 6 14 1 1 2 
7 39 1 40 3 0 3 
8 0 27 27 0 2 2 
9 4 15 19 1 2 3 
10 11 0 11 2 0 2 
Total 159 118 277 16 10 26 
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Table 5. Segregation distortion among 139 markers used to genotype B73xMo17 
F2, Syn5 and IBM populations. P-values for segregation distortion in the B73xMo17 
F2 and Syn5 populations are from LEE et al. (2002). 
A: F2 vs. Syn5 
F2 (p<0.01) F2 (p>=0.01 ) Total 
Syn5 (p<0.01) 2 25 27 
0) <
 
cn
 
TT
 
X o
 
o
 
9 103 112 
Total 11 128 139 
B: Syn5 vs. IBM 
Syn5 (p<0.01) Syn5 (p>=0.01) Total 
IBM (p<0.01) 8 17 25 
IBM (p>=0.01) 19 95 114 
Total 27 112 139 
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Table 6. Inter-chromosome two-locus gametic disequilibrium in the IBM IRILs 
Locus 1 Locus 2 D' r2 LOD 
Chr. Name BLASTX3 Chr. Name BLASTX3 
1 umc76 no hit 2 IDP4006 putative y-Soluble N- 0.73 0.27 10.8 
ethylmaleimide-
1 IDP2385 putative . . 0.63 0.21 8.92 
nonclathrin coat sensitive factor (NSF) 
protein y  (y-COP) Attachment Protein (y -
SNAP) 
2 mmp183 no hit 6 IDP447 putative sac domain- 0.64 0.2 7.66 
containing inositol 
phosphatase 3 
3 npi420 NA 7 umc2333 WUSCHEL-related 0.67 0.22 7.42 
homeobox 11 
a BLASTX search against GenBank protein NR database (8/22/05) with e"10 as E-
value cutoff 
I Templates for 
PGR primer design 
No. primer 
pairs analyzed 
No. primer pairs that detect polymorphism 
between B73 and Mo17 
Co-dominant Dominant Total (i.e. size) +/- -/+ Subtotal 
5' EST 3 12,609 328(2.6%) 693 140 833(6.6%) 1,161(9.2%) 
*• 
4 300 bp y 
3' UTRs 
Exon Exw 2,848 116(4.1%) 122 29 151(5.3%) 267(9.4%) 
Intron-spanning 
Total 15,457 444(2.9%) 815 169 984(6.4%) 1,428(9.2%) 
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Sequence ID* : EST GIS16927056 
Associated MAGI: 3.1bMAGL19535 (Download Contig/GBrowse display/Map result) 
Forward primer 
Length : El Name : msiSïâlt 
Sequence : 
Reverse primer 
Name:** 
Sequence : 
Length : 
GCCCATCAACGAGATAGAGC 
csu636 
rz538b 
-W—ilpP!38':| 
Showing 2.275 k6p from MAGI 19535, positions t la 2,276 
«lu "«Ik "&.U. "" 'il!"ilu' ''"il*MuW""' 1 "ilek I.U ' 
teewbled 1' 171 EST* 
P1MC081P PIMKCiF 
-psû79 
1K3.: 
B 
-csul84(1.2) 
• ,sps2C2.1) 
,umcl973(1.6) 
( 81770373(1.5) 
i.i.umc 1539(0.6) 
j; AY 106230(4.5) 
j! bnl5.37b(0.3î 
l fnDi296(0.6) 
|/bnl5.37a(C.6) 
^ flYIll296(1.3i 
- «*9184(0.6) 
umcl027C0.3) 
-umcl730(1.6) 
mmpl03(9.5) 
lim486(1.6) 
-umc1266(0.6) 
-asg39(0.9) 
8E639846C2.5) 
•umc2267(3.6) 
,-phl 102228(0.9) 
.VAY110055U.3) 
.mmp88(0.6) 
mmp27(0.6) 
umc60f0.6) 
Fu et al. Fig. 3 
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Chromosome 6 
IRIL Double-recombinant fgg or i 
No. Double-recomblnams 
Proportion of 873 allele 
Proportion of Mo17 allele 
M0337 
Chromosome 8 
IRIL B73H Mo171 No data @ Double-recombtnant Q( or i 
M054 
- : 
No. Double-recombinants 
Proportion of 873 allele 
Proportion of Mo17 allele 
Fu et al. Fig. 4 
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Supplementary Data 
Table 1. Comparisons of scores of a set of 18 SSR markers used to genotype the 
91 IRILs used in this study and those used by the MMP. Genotyping scores for the 
MMP IRILs were downloaded from MaizeGDB. After removing missing data, 
1551 data points could be compared between the two projects. 
SSR Markers Mismatches Bin on IBM2 
umc1252 0 2.09 
umc1604 0 2.08 
umc1404 1 3.07 
umc1608 0 3.04 
umc1943 4 4.02 
umc1999 2 4.09 
umc2035 1 5.03 
umc2036 7 5.01 
umcl 143 0 6.00 
umc1350 0 6.07 
umc1672 21 7.00 
umc1708 2 7.04 
umc1268 1 8.07 
umc1592 7 8.01 
umcl 120 0 9.04 
umc1505 2 9.08 
umc1995 6 10.04 
umc2069 1 10.02 
Total 55/1,551 (3.5%) 
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Figure 1. Lengths (cM) of 847 intervals on the ISU-IBM Map4 genetic map. 
1 13 
Chr3_IDP+IBM Chr3_IDP+IBM 
(242 IRILs) (91 IRILs) 
.51 • 
mP3771{6.Sl ' mPtfi44<û.6) lPri6S3c».fl) 
r^05»aC1.3ï • u»icl9é6cS.S> 
ctioiosco-e)1#!»1, FlYHlSO/ if IDF- 3063(0 IQP769<2.5)'sW" Ul*ic -V» 5 
!*V?°OC>' ' 
irptsse-' 
phllr>2£2e 
ur.cizee . 
eoieiib  ^
bnl i / fwiii2s>6<i.«.n«.v / wms I 
; ' HlP-< J trm ' miVBBCO.S-) •,«? ? » 
KiP ft " 1 <W10W4  ^
tr.!Kl9V-ro.7J /• 3br 
FflOSSvMOl - ' 
fWl'.OMOT-t.rt'i .> iripnosco.il - . • 
jB,'} I '"•DM-. 
fY)ie:G7(4) '- / 
IDP624t?S.a? > 
inP39P<o.fii • , 
u»clf.4lC1 .4) • inp25f.6(0.i: . IOPTWVO.*- - ' iriptMKO.ii) •••• 
• ^10-697(0.3> .^V.unicl-195t0.7> 
>imnpl44<C.9; 
/llVurel742'.0.3J 
j Vferapt"£4<0.6) j/SiuFC«l4<0.3) 
?f- ..phciwiet 
wiio-wso.;) 
irv -K1.91 
.uncl730(1.6) 
' UW:1813<O.6j 
- hnlelSKKl.; 
^ipiagfcti.i 
Figure 2. Comparison of two Chromosome 3 maps developed using 242 and 91 
IRILs, respectively. Common markers are shown in red and unshared markers in 
blue. 
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Figure 3. The distribution of similarity scores of 4,095 (91 x 90/2) pair-wise IRIL 
comparisons. 
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6 5 10 15 20 25 30 35 40 45 50 cM 
Standardized disequilibrium coefficients Squared allele-frequency correlations 
Figure 4. The two-locus pair-wise gametic disequilibrium. The genetic distances 
(cM) between pairs of loci are plotted on the X-axis. 
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CHAPTER 6. GENERAL CONCLUSIONS 
Summary and discussion 
All of studies presented in previous chapters were related to sample the gene space 
from the highly repetitive maize genome. Although enriching ORFs (Chapter 2) 
seems not suitable for maize gene discovery due to long ORFs contained by maize 
retrotransposon DNA, the new features (SxATGs and 3xHis6) on ORF-rescue vector 
would be still useful for other studies such as establishing in vitro display of 'random' 
peptide libraries that are complementary to current ORFeome projects. Whether this 
vector can be used to effectively select coding sequences from other complex 
genomes might be needed to explore, especially when reduced representation 
sequencing is desirable[1]. The significance of the identification of cloning artifacts in 
HC GSSs (Chapter 3) is that it timely cautions the researchers those are using HC 
GSSs for discovering nearly identical paralogs in maize B73 genome or SNPs 
between B73 and other inbred genome and those are planning to generate HC 
GSSs in genome sequencing projects[2,3]. The strategies of quality assessment of 
MAGI structures (Chapter 4) should be useful for the detection of nearly identical 
paralogs[4] that often cause misassembly and future reduced representation 
sequencing projects for other complex genomes. More significantly, the analyses in 
Chapter 4 suggest that this assembly of the maize genome contains -350 novel 
expressed genes that have no homologs in GenBank nucleotide/protein databases 
(E-value<e~4). Prior to applying reverse genetics tool, it would be interesting to check 
whether these genes have been through artificial selections during domestication 
and/or crop improvement using a similar approach by Yamasaki et al.[5], The results 
in Chapter 5 suggest that potential functional relationships (e.g. epistasis) of 
different chromosome regions could be discovered via the detection of significant 
unlinked GD blocks, which would benefit from the concerted use of a larger IRIL 
mapping panel, high-quality genotyping data using co-dominant markers (e.g. 
SNPs), and a more accurate and dense genetic map. 
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Perspective 
After the gene enrichment approach has been successfully finished, an 
NSF/DOE/USDA joint program for sequencing maize genome will be launched soon 
with an estimated total funding of $30 million. The goal is to produce an ordered set 
of finished sequences for the gene-rich regions of the B73 genome. The coming 
maize genome data will have profound impact on plant structural, functional and 
comparative genomics[6]. 
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APPENDICES 
All files were copied on CD-ROM. 
Appendix 1: The 173 maize assembled genome island (MAGIAbacterial artificial 
chromosome (BAC) alignments and the gene evidence for each MAGI (Table 5) in 
Chapter 4. 
Appendix 2: The map positions for 3,457 markers on ISU-IBM Map4 in Chapter 5. 
